DEVELOPMENT OF HIGH PERFORMANCE ELECTROCHROMIC MATERIALS AND THEIR DEVICES by NEO WEI TENG
  
DEVELOPMENT OF HIGH PERFORMANCE 
ELECTROCHROMIC MATERIALS  






NEO WEI TENG 




A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
NUS GRADUATE SCHOOL  
FOR INTEGRATIVE SCIENCES AND ENGINEERING 
 








I hereby declare that the work in this thesis is my original work which is the result of my 
own independent investigation and it has been written by me in its entirety. I have duly 
acknowledged all the sources of information which have been used in this thesis.  
 
This thesis has also not been previously submitted for any degree in any university and is 





Neo Wei Teng 
 






I would like to convey my heartfelt gratitude to my supervisors, Dr. Xu Jianwei and Prof. 
Chua Soo Jin, for their guidance, support and valuable advice throughout the course of 
my PhD. Also, I would like to thank Prof. Kang En-Tang, A/Prof. Wu Jishan and A/Prof. 
He Chaobin for being on my thesis advisory committee, as well as providing insightful 
suggestions and comments for my work. 
 
I am grateful for the opportunity to be able to work in the Institute of Materials Research 
and Engineering and within the Agency for Science, Technology and Research (A*STAR) 
community. I express my sincere thanks to all my current and past lab members (Drs. 
Ong Kok Haw, Shi Zugui, Song Jing, Wang Xiaobai, Yan Hong, Ye Qun, Zhou Hui, Mr. 
Chan Min Kang, Mr. Chua Ming Hui, Ms. Cho Ching Mui, Mr. Png Zhuang Mao, Ms. 
Angeline Tan and Ms. Zeng Huining) for their technical advice, friendship, 
encouragement and memorable times, as well as those who have helped me in one way or 
another throughout this journey. Special mentions go to Dr. Shi Zugui, Ms. Cho Ching 
Mui and Mr. Low Zhaozhi, Jonathan, for their assistance with the synthesis of the 
polymers, Mr. Goh Tai Wei, Glen, Mr. Choo Soo Bin and Mr. Toh Yeow Teck for the 
AFM images, Mr. Lim Poh Chong for the XRD measurements as well as Drs. Chong 
Siew Ling, Karen and Li Xue for the help with the nanoimprinting process. 
 
I would also like to express my deepest appreciation to A*STAR for the financial support 
through the A*STAR Graduate Scholarship, and to the NUS Graduate School for 
Integrative Sciences and Engineering for the conducive learning environment. Finally, I 
thank my family and friends for the unconditional love, unwavering support and for 
standing by my side all this while.  
iii 
 
TABLE OF CONTENTS 
DECLARATION………………………………………………..…….………………… i 
ACKNOWLEDGEMENT……….…………………………………………..............… ii 
TABLE OF CONTENTS…………….……………………………………………..…. iii 
SUMMARY…………………………………...………………………..................…… vii 
NOMENCLATURE…………………………...…………………………………..… ix 
LIST OF FIGURES……………………………….………………………………….. x 
LIST OF SCHEMES………………………………….………..........................……. xvii 
LIST OF TABLES……………………………………..……………………….…… xviii 




CHAPTER 1 INTRODUCTION………………………………………………….…. 1 
1.1 Electrochromism…………………………..…………………………… 1 
1.2 Types of electrochromic materials……………………………………... 1 
1.3 Electrochromic devices (ECDs) and their applications……………….. 4 
1.4 Review of polymer-based ECD research………………………….…… 7 
 1.4.1 Broadening of the color palette and color control………….… 8 
 1.4.2 Polymer design and development…………………………… 13  
 1.4.3 Processing and structuring of functional thin films…………. 14 
 1.4.4 Manipulation of device components and architecture…..… 16 
 1.4.5 Current electrochromic performance status and benchmarks.. 17 
1.5 Motivation and objectives………………………………………….…. 20 
1.6 Outline of the thesis……………………………………………….…... 21 
  
CHAPTER 2 THEORY…………………….……………………………………….. 23 
2.1 Theory of conjugated polymers…………..…………………………… 23 
 2.1.1 Band theory: the molecular orbital approach……………...… 23 
 2.1.2 Bandgap: influencing factors and importance…………….. 26 
 2.1.3 Electronic transitions, absorptions and colors……….……… 30 
 2.1.4 Electrochemically-induced electronic, transition and optical 
changes………………………………………..…………… 32 
 2.1.5 Donor-acceptor type polymers…………………..………… 36 
2.2 Operating principles of polymer-based ECDs………………………… 43 
 2.2.1 Types of ECDs…………………………………………….. 43 
iv 
 
 2.2.2 General device architecture………..………………...……… 44 
 2.2.3 Working mechanisms of ECDs……..……………….……… 47 
  
CHAPTER 3 EXPERIMENTAL………………….……………………………….. 50 
3.1 Characterization tools and techniques………….…………..…………. 50 
 3.1.1 Gel permeation chromatography (GPC)……...………..……. 50 
 3.1.2 UV-vis-NIR spectrophotometer…………………………… 53 
 3.1.3 Spectroelectrochemistry………………………………..….. 56 
 3.1.4 Potentiostat……………………………………………….... 58 
 3.1.5 Cyclic voltammetry (CV)…………………..…………….…. 59 
 3.1.6 Chronoamperometry/chronocoulometry.……..……...……… 62 
 3.1.7 Colorimetry…………………………….…………..…..……. 63 
 3.1.8 Optical microscopy…………………….………………...… 67 
 3.1.9 Atomic force microscopy (AFM)…………………………. 69 
 3.1.10 X-ray diffraction (XRD)……………….……………………. 71 
 3.1.11 Surface profilometry…………………….…………..………. 73 
3.2 Device fabrication……………………….………….………...…….. 74 
3.3 Device performance parameters……………………….……………… 77 
 3.3.1 Optical and photopic contrast…………………………….... 77 
 3.3.2 Switching time……………………………………….……. 78 
 3.3.3 Coloration efficiency………………………………...…….. 79 
 3.3.4 Cycle life………………………….……………………..…. 80 
3.4 List of polymers studied……………………….………………...……. 81 
  
CHAPTER 4 N O V E L  D IK E T OP Y R R O L OP Y RR O L E  (DP P ) -B A S E D 
P O L Y M E R S  A N D  C O L O R  T U N IN G  B Y  S P E C T R A L 
MANIPULATION…………………………………………….……... 85 
4.1 Introduction………………………………….……………………..…. 85 
4.2 Principles of synthesis……………………….…………………..……. 86 
4.3 Around the color wheel: transitioning between shades of green, blue and 
magenta………………….………………………………………….. 89 
 4.3.1 Optical and colorimetric properties…………………………. 89 
 4.3.2 Role of identity and quantity of donor in controlling the 
position and bandwidth of short-wavelength absorption….… 92 
 4.3.3 Influence of donor-to-acceptor ratio on relative intensities, 
positions and bandwidths of dual absorption bands………… 94 
 4.3.4 General guidelines for spectral engineering and color -
tuning…………………………………………………….…. 97  
v 
 
4.4 Spectral broadening and induction of high-energy visible absorptions for 
neutral-state black polymers…………………………….……….… 102 
 4.4.1 R e p l a c e m e n t  o f  p r o p y l e n e d i o x y t h i o p h e n e  w i t h 
dialkoxythiophene………………………………....………. 102 
 4.4.2 Optical, electrochemical and colorimetric properties of near-
black polymers…………………………………………….. 103 
 4.4.3  Performance of neutral-state black polymers……………… 106  
 Conclusion………………………………………………………….... 112 
  
CHAPTER 5 C H E M IC A L  S T R U CT U R E -D EV IC E  P ERF O R MA N C E 
RELATIONSHIPS OF DPP-BASED DONOR-ACCEPTOR 
POLYMERS………………….…………………………………….. 114 
5.1 Introduction……………….………………………………………..... 114 
5.2 Effect of length of side chains………………….……………………. 115 
 5.2.1 Optical and electrochemical properties……………….….. 115 
 5.2.2 Electrochromic performance……………………….…….. 118 
 5.2.3 Morphological investigation……………………...….…….. 122 
5.3 Effect of molecular weight……………………………………...…… 123 
 5.3.1 Optical and electrochemical properties……………...…….. 123 
 5.3.2 Morphological investigation……………………………….. 126  
 5.3.3 Electrochromic performance………………….……..…….. 128 
5.4 Effect of donor-to-acceptor ratio……………………………......…… 135 
 5.4.1 Optical and electrochemical properties……………….….. 135 
 5.4.2 Electrochromic performance…………………………..… 139 
 Conclusion……………………………………………………….…... 144 
  
CHAPTER 6 MORPHOLOGICAL CONTROL OF DPP-BASED POLYMERS 
AND THIN FILMS FOR ENHANCED PERFORMANCE….….. 147 
6.1 Introduction……………………………………………………….…. 147 
6.2 Comparison of thin-film preparation technique: spin-coating versus 
spray-casting……………………………………...………………..… 148 
 6.2.1 Thin film preparation……………………..……….……….. 148 
 6.2.2 Thin film morphology analysis……………..…….……..…. 148 
 6.2.3 Electrochromic performance………………………………. 150 
 6.2.4 Effect of film morphology……………………………..…... 153 
 6.2.5 Effect of film thickness………………….………….……… 154 
6.3 Morphology tailoring by solvent vapor annealing……………….….. 157 
 6.3.1 Experimental procedure………………………………..…... 157  
vi 
 
 6.3.2 Optical and colorimetric properties…………..……………. 157 
 6.3.3 Thin film morphology analysis………………………..….... 160 
 6.3.4 Electrochromic performance…………………....…….…… 163 
6.4 Polymer film structuring using thermal nanoimprint lithography…… 167 
 6.4.1 Experimental procedure for nanoimprinting……………... 167 
 6.4.2 Thin film morphology analysis…………………………….. 168 
 6.4.3 Optical and electrochemical properties…………......……... 169 
 6.4.4 Electrochromic performance……………………....….…… 172 
 Conclusion……………………………………………….………..…. 175 
  








Polymer-based electrochromic devices have attracted much scientific and industrial 
attention in recent decades. Their reversible color-changing property induced by an 
electrical stimulus renders them applicable in a myriad of products such as smart 
windows, electronic displays, wearables and chameleonic textiles. While steady progress 
has been achieved, several challenges remain. Besides the need to reduce the switching 
times to below tens of milliseconds for the devices to portray a moving image as opposed 
to a static display, their cycle lives ought to be lengthened to at least 10 000 cycles for 
practicality. In this thesis, studies that were aimed at contributing knowledge to this field 
were carried out. 
 
Diketopyrrolopyrrole (DPP) is an attractive building block for donor-acceptor (D–A) 
electrochromic polymers due to its strong electron-withdrawing ability, high planarity, 
ability to form strong intermolecular interaction and functionalizability. Yet, to the best 
of our knowledge, it has not been previously explored in this field. Herein, four series of 
novel DPP-based polymers were extensively analyzed.  
 
Color-tuning of D–A conjugated polymers with their characteristic dual absorption bands 
can be achieved by altering the positions, spectral bandwidths and relative intensities of 
both the higher- and lower-energy absorption bands through manipulation of the identity 
and quantity of donor moieties and donor-acceptor ratio. By decreasing the donor-
acceptor ratio in the polymer, it enables the simultaneous broadening and red-shifting as 
well as the narrowing and blue-shifting of the lower- and higher-energy absorption band 
respectively, leading to a continuous change in observed hues from magenta to blue to 
green. It is found that the lack of absorption in the blue-wavelength region can be 
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augmented by adding a sterically-bulky donor moiety. Using this approach, black 
polymers with broad absorptions over the entire visible spectrum were achieved. 
 
With regards to the optical contrasts, switching speeds, coloration efficiencies and redox 
stability of the polymers, they were found to be highly influenced by their chemical 
structures. For example, increasing the donor-to-acceptor ratio in a polymer shifts the 
HOMO energy level up, enabling greater extent and speed of electrochemical oxidation 
and hence higher optical contrast and faster colored-to-bleached switching. Lowering the 
donor-to-acceptor ratio causes a downwards shift in the LUMO energy level, promoting 
electrochemical reduction and therefore faster bleached-to-colored switching. In other 
instances, the molecular weights and side-chain lengths are found to affect the film 
morphology and porosity of the polymers as they control the solid-state chain 
conformations and packing. Polymers with high molecular weight or long side chains can 
induce porous films bearing more redox-active sites and unobstructed pathways for ion 
movement, which results in larger optical contrasts, faster switching, higher coloration 
efficiencies and greater redox cyclability. 
 
To achieve the different film morphologies and porosity, different film deposition 
techniques – spin-coating or spray-casting, were employed. The spin-coated devices 
exhibited superior performance due to greater film homogeneity and higher density of 
redox-active sites. The switching speeds and coloration efficiencies of the spin-coated 
polymers were enhanced by 20% when further processed with either solvent vapor 
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CHAPTER 1 INTRODUCTION 
1.1 Electrochromism 
Chromism, in chemistry, refers to the property of color change in a compound under an 
external influence or stimulus. While thermochromism, photochromism and 
piezochromism describe the color-changing behavior of the material under environmental 
changes in temperature, intensity of light and pressure respectively, electrochromism – a 
term coined by Platt in 1961,1 is broadly used today to define the reversible color or 
optical change in a material under a redox reaction in response to an external electrical 
bias.  
 
The history of coloration dates back to the early 18th century when Prussian Blue (PB, 
iron(III) hexacyanoferrate(II)) was observed to turn from transparent to blue upon 
oxidation of iron.2 The first demonstration of coloration induced by an electrochemical 
change can be traced back to 1969 when Deb reported the coloration effect of tungsten 
oxide (WO3) thin films sandwiched between two electrodes.3 In his work, the WO3 films 
reveal colored-to-bleached switching under the application of a positive electrical bias 
and revert back to the colored states upon reversal of electrical polarity. Subsequently in 
1973, Deb described the coloration mechanism in his seminal paper,4 providing the initial 
impetus to the progress and interest in the field of electrochromics.  
 
1.2 Types of electrochromic materials 
Since its discovery, the phenomenon of electrochromism has been observed in numerous 
classes of materials.5-8 Besides the inorganic compounds such as metal oxides (e.g. WO3, 
TiO2, NiO and IrO2) and PB,9 electrochromism is also a property of organic materials, 
including the small bipyridinium molecules known as viologens,10 as well as 
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macromolecular conjugated polymers.10 The chemical structures of some of the examples 
of the respective classes of electrochromic materials are illustrated in Figure 1-1. 
 
Figure 1-1. Chemical structures of representative electrochromic materials: inorganic 
Prussian Blue, small organic molecules (viologens) and macromolecular conjugated 
polymers. 
 
Within the different categories of electrochromic materials, each possesses distinct 
advantages and disadvantages. For the inorganic materials, they typically display high 
electrochemical, thermal and environmental stabilities which allow long operational 
lifetime. However, they suffer from a limited range of colors and are unable to reveal 
multiple colors within a single material. In many of the cases, metal oxides reveal blue 
and gray hues in their colored states11 and are hardly observed to exhibit vibrant colors 
such as orange and pink. In addition, metal oxides exhibit poor processability, and 
tedious, costly methods with stringent conditions such as sputtering or vacuum 
evaporation are required to produce their thin films. The degree and dynamics of color 
changes of inorganic oxides also leave much to be desired. For example, amorphous 
tungsten oxide (WO3) – one of the most widely studied inorganic systems, can reveal 
cathodically clear-to-dark blue color transition in minutes at a coloration efficiency of 
between 50-80 cm2/C. A long cycle life of around 10 000 to 100 000 cycles can typically 
be sustained.12-15  
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Organic materials like viologens are usually intensely colored in their radical cationic 
states due to their high molar extinction coefficients, and straightforward color 
modification is possible by suitable choice of the nitrogen substituents (–R groups). For 
example, replacement of the alkyl groups with aryl groups allows the viologens to reveal 
a green hue instead of a blue/violet hue.10 Viologens are widely available, easily 
synthesized and are extremely redox stable. However, they are usually being operated in 
their solution form,16 which leads to leakage issues of the devices. Moreover, a constant 
power supply is required to sustain the viologens in any of their redox state. 
 
Conjugated polymers, on the other hand, are extremely appealing as they are able to 
overcome the aforementioned problems posed by the inorganic materials and viologens. 
Among the key advantages is the ease of structural modifications on conjugated polymers 
which allows facile neutral-state color-tuning across the entire visible spectrum.17, 18 In 
some cases, the polymers are able to exhibit two or more different colors under different 
degrees of electrical bias.17, 19 As they can be easily processed through conventional 
solution-based methods into homogeneous large-area films or pre-defined patterns,20 
fabrication steps are efficient and the overall cost is greatly reduced. Furthermore, 
conjugated polymers are flexible in nature and have the capability to be assembled into 
flexible and moldable lightweight devices which is the main challenge for inorganic 
materials due to their stiffness and brittleness.21 More importantly, conjugated polymers 
have the potential to exhibit higher electrochromic performance, in terms of a high degree 
of color change and fast redox switching speed within a smaller voltage range.22 Due to 
the intrinsic ‘memory effect’, conjugated polymers are typically able to sustain their last 
redox state for hours even after the removal of the power source. With this beneficial 
property, power consumption and energy requirement for the operation of polymer-based 
electrochromic devices is therefore low. 
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1.3 Electrochromic devices (ECDs) and their applications 
Within the past few decades, electrochromic materials have received widespread 
attention and are highly touted to be the next-generation candidates for color-changing 
applications. Compared against other existing technologies that utilize, for instance, light-
emitting diodes, liquid crystals and suspended particles, electrochromic materials bring 
about several advantages such as large viewing fields, operationality under various 
lighting conditions, low power consumption, stability and low cost. At present, 
electrochromic materials are not only of academic interest but also of great commercial 
importance. Thus far, a couple of electrochromic devices have successfully found their 
way into the consumer market, with many other futuristic products under development. 
Some of the examples are illustrated in Figure 1-2. 
 
One major class is the electrochromic windows (or smart glass) which are highly sought 
after as they are able to control and regulate the amount of glare and solar radiation 
passing through from outdoors to indoors dynamically and intelligently. By managing the 
indoor temperature, energy consumptions and electrical expenditures in terms of air-
conditioning or warming for user comfort during hot and cold seasons respectively can be 
significantly reduced. In addition to their practical functions, electrochromic windows 
also offer both aesthetical appeal and architectural elegance. Such smart glass technology 
has found its way into the market within the aerospace and building industries. Today, 
numerous manufacturers of electrochromic windows exist, such as e-Chromic 
Technologies,23 Gentex,24 SAGE Electrochromics25 and View (previously Soladigm),26 to 
name a few. As an illustration, a partnership between Gentex Corporation, PPG 
Aerospace and Boeing27 has led to the installation of dimmable cabin windows on board 
the commercial Boeing 787 Dreamliner aircraft, with its maiden flight successfully 
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completed in 2011 (Figure 1-2a).28 Efforts to impart these electrochromic materials with 
self-cleaning ability have also been made.29 
 
Another important application is in electrochromic mirrors, which function through its 
anti-glare property as the absorbing electrochromic material can reduce light reflection. 
Such devices have been applied in the automobiles as self-dimming (self-darkening) rear-
view mirrors as early as 1987.30 This is particularly useful during night time when the 
mirrors can be darkened to prevent the reflection of the dazzling from the headlights of 
the following cars into the driver’s eyes. With an increase in glare intensity, the mirrors 
become darker and the extent of reflection is reduced, thereby providing both comfort 
and safety for the drivers. Major players in this scene include Gentex31 and Magna 
(previously Donnelly).32 Since its entry into the market, the sales number for Gentex 
Night-Vision System have hit over hundreds of millions units33 to-date and the usage of 
electrochromic mirrors is currently ubiquitous. 
 
Electrochromic materials are also useful in various electronic display and paper (e-paper) 
products, which include advertisement boards, information displays, signages, labels and 
price tags, handheld readers, watches and other digital gadgets. In this respect, 
electrochromic materials are favored as they are non-emissive and do not emit light 
during operation. This enables viewing under any lighting conditions, unlike emissive 
displays which are practically unreadable when viewed under strong light illumination. 
Besides, large viewing angles are afforded and the quality of the images is not 
compromised at any observing angle or direction. Nonetheless, the key drawback of such 
non-emissive electrochromic devices is that they are not visible in the dark without the 
use of any backlight. Displays and paper-like electrochromic devices typically consist of 
multiple cells or pixels, and each pixel can be controlled to alternate between different 
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colored or transmissive states individually. Depending on the speed at which these color 
changes occur, still displays or moving images can be presented. Some of the existing 
companies include NTERA (NanoChromicsTM),34 Ynvisible35 and Ricoh.36 In the 
laboratories, several prototypes including paper displays37, 38 and digital clock39 have also 
been reported (Figure 1-2b).  
 
Wearables such as sunglasses and goggles are not to be left out. Like smart windows, the 
level of darkness/transmissivity in the glasses can be adjusted to different shades in 
response to ambient light at will. Against the prevailing photochromic lenses that respond 
automatically to ultraviolet radiation, electrochromic lenses can switch from the bleached 
to darkened state and vice versa within seconds unlike the photochromic counterparts that 
darken rapidly but require minutes to fade back to the clear state. Moreover, 
electrochromic lens can be operated in an indoor setting and can exist in practically any 
hue.40 While commercial sales are at the moment not available, a large number of 
prototypes have surfaced. Notable designers include Ma and co-workers,41 Reynolds’ 
group,40 Sotzing’s group who formed Alphachromics as a spin-off company,42 as well as 
Chandrasekhar’s group from Ashwin-Ushas Corporation.43 Presently, the Ashwin 
company has produced sunglasses and goggles (branded AshChrom) that can switch 
between dark blue-black and transmissive states and are at the stage of commercialization 
(Figure 1-2c).44 
 
Besides rigid and glass-based products, electrochromic materials are also potentially 
useable in flexible, stretchable45, 46 and lightweight fabrics (Figure 1-2d).47-51 These color-
changing textiles are suitable for home furnishings, wearable fashion, military 
camouflage clothings, as well as in medical devices. This is also highly intertwined with 
electrochromic materials that operate in the near-infrared (NIR) wavelength range as they 
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are particularly useful for military wear and night vision equipment, in addition to 
numerous bio-imaging, data storage and telecommunications purposes. Ashwin, has also 
devoted itself to creating innovations that make use of electrochromic skin for 
camouflage and spacecraft thermal control purposes.52, 53 
Figure 1-2. Pictorial illustrations of electrochromic products or device prototypes: (a) 
user-controlled windows onboard Boeing 787 Dreamliner,54 (b) segmented display 
operating as a clock between its colored (neutral) and transparent (oxidized) states,39 (c) 
sunglasses transiting between light and dark states43 and (d) stenciled electrochromic 
fabric in its red (neutral) and blue (oxidized) states.49 Adapted with permission. 
Copyright 2010 and 2015 American Chemical Society39, 49 and copyright 2014 John 
Wiley and Sons.43 
 
 
1.4 Review of polymer-based ECD research 
At present, the majority of the commercially-available electrochromic products utilize 
either the inorganic oxides/compounds or viologens as the primary color-changing 
material. Even though devices based on conjugated polymers are yet to be established 
within the market, active research and development has been ongoing since the past few 
decades and significant achievements have been made. Some of the efforts are reviewed 





1.4.1 Broadening of the color palette and color control 
Color and color changes can be said to the most important aspects of any electrochromic 
material. Even though materials that can switch between two or more colors can be 
potentially applied, materials that can alternate reversibly between colored and 
transmissive hues during operation are deemed more useful and are the subjects of focus 
here. They can be further grouped into cathodically-coloring or anodically-coloring types; 
the former displays color in the reduced state whereas the latter appears colored in the 
oxidized state. While anodically-coloring polymers are relatively rare, their counterparts 
are more abundant and easier to achieve. A key milestone was reached in the field of 
polymeric electrochromics upon the completion of the color palette representing the basic 
hues for cathodically-coloring polymers, and herein, the routes leading to the 
achievement are traced.  
 
Among the earliest electrochromic polymers to be discovered are polypyrrole and 
polythiophene as illustrated in Figure 1-1.55, 56 In their neutral states, they reveal yellow-
green and red hues respectively. Under their oxidized states, they unfortunately display 
blue hues which limit their practical usage. Investigation on structural modifications of 
the polymers, particularly polythiophene, for color and properties-tuning was then carried 
out with considerable success. For instance, the incorporation of electron-rich side chains 
(e.g. poly(3-methylthiophene) (P3MT)57 and poly(3-hexylthiophene) (P3HT)57) or 
bridges (e.g. poly(3,4-ethylenedioxythiophene) (PEDOT)58-60 and poly(3,4-
propylenedioxythiophene) (PProDOT)59, 61) prevented insulative, defective α-β 
couplings62 and allowed more extensive conjugation of the polymer backbone, yielding 
polymers with reduced bandgaps and absorption shifts into the higher-wavelength region 
of the visible spectrum (Figure 1-3). For regioregular P3MT and P3HT, both reveal 
shades of red in their neutral states. Encouragingly, while P3MT reveals a dark blue hue 
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upon oxidation, P3HT exhibits a light blue color. On the contrary, both PEDOT and 
PProDOT switch between dark blue and a highly transmissive and near-colorless state. 
The attractive colored-to-transmissive property of PEDOT and PProDOT, coupled with 
their lower oxidation potentials (as a result of increased π-electron density) and stable 
conductive forms, sparked off widespread research interest in the family of 
dioxythiophenes (DOTs).  
 
Figure 1-3. Chemical structures of representative poly(3-alkylthiophene)s and poly(3,4-
dioxythiophene)s with their respective hues under the neutral and oxidized states. 
 
Delicate side chain modifications on the family of DOTs were subsequently carried out 
using a wider variety of linear or branched chains. Varying the size and bulkiness of the 
substituents enabled facile tuning of the steric effects, effective conjugation and thereby 
bandgaps of the polymers. For instance, utilization of shorter/smaller side chains 
facilitates the relaxation of steric distortions, resulting in a red-shift of the absorption and 
color transition from orange to red.63 A large number of polymers displaying vibrant hues 
of orange,63 red,63 magenta64 and purple65 within the intermediate range of the visible 
spectrum was thus generated. Some of the selected polymers with their corresponding 
colors are shown in Figure 1-4.  
 
For a long period of time, synthetic chemists were unable to shift the hues of the 
polymers into the further end of the color spectrum – blue, cyan and green, which require 
the polymers to possess relatively lower bandgaps. In particular, neutral-state green 
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polymers are elusive as it is highly difficult and challenging to produce polymers that can 
absorb light in both the red and blue wavelength regions simultaneously in order to 
reflect the color green. It was not until the discovery of donor-acceptor (D–A) polymers 
with their unique dual-absorption band behavior, when the obstacle was removed.66, 67 
Briefly, a D–A polymer is composed of alternating electron-rich and electron-deficient 
moieties. Further details on this special type of materials will be discussed in the later 
part of the thesis. With the developed strategy, numerous neutral-state green polymers 
have since been produced,68-71 and are no longer considered rare. Figure 1-4 illustrates the 
green hue displayed by a selected donor-acceptor polymer.71 Interestingly, it can be 
observed that slight blue-shifting of the absorptions to generate intermediate blue72 and 
blue-green hues73 could be achieved by mere manipulation of the relative compositions 
and sequencing of donor and acceptor units. Utilization of numerous pairings of multiple 
donors and acceptors enabled the easy engineering of the positions of the dual absorption 
bands and this led to the reports of countless polymers with a range of blue and blue-
green hues.74-76  
 
Similarly, another key challenge was in the production of neutral-state yellow polymers 
located at the other end of the spectrum that can switch to highly transmissive states. Due 
to the nature of the absorption of yellow polymers in which they absorb significantly near 
the higher-energy end of the visible spectrum as a result of their large bandgaps, it is 
highly difficult to effectively transfer the absorption fully into the NIR region to reveal 
transparent states. This was overcome by Reynolds’ group in 2011 when the first yellow-
to-transmissive polymer involving an alternating ProDOT-phenylene conjugated system 
was produced (Figure 1-4).77 The exciting discovery of such yellow polymers granted 
access to a full color palette across the entire color wheel. Following the success, 
numerous derivatives have also been reported in recent years.78  
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In addition to the colorful hues, dull and deeply absorbing tones such as black are also 
highly sought after. To exhibit the color black, a material has to absorb uniformly across 
all wavelengths corresponding to visible light which, unfortunately, is highly difficult to 
achieve. Ingenious approaches that have been validated and widely adopted employ the 
additive nature of absorption behaviors of several chromophores (subtractive color-
mixing), either chemically or physically.79, 80 The synthetic approach typically involves 
the random copolymerization of two or more monomers containing electron-donors and 
electron-acceptors following the D–A approach, which results in the polymers possessing 
broad absorptions due to the combinations of various individual absorptions.81-86 While it 
is practically impossible to list all the polymers produced to-date with their respective 
hues, interested readers are directed to excellent reviews by Beaujuge, Amb and their co-
workers.17, 18  In Figure 1-4, some of the selected representative polymers based on the 
family of DOTs and their corresponding neutral-state hues are presented. 
 
Figure 1-4. Observed neutral-state hues (yellow,77 orange,63 red,63 magenta,64 purple,65 




As illustrated in Figure 1-4, the use of an identical ProDOT unit is able to produce 
polymers with multiple hues upon the pairing with other different monomers (donors or 
acceptors) in numerous arrangements and ratios. This is made possible from the careful 
tuning of the bandgap and absorption behaviors of the polymers through synthetic control. 
From the many years of research, general rules of thumb for color control of polymers 
have been proposed. The three key areas for structural modifications include the basic 
units forming the conjugated backbone, the attached substituents, as well as the side 
chains (Figure 1-5).87 While coarse-tuning of the color can be obtained by careful 
selection of the heterocyclic moieties forming the backbone (denoted by aromatic X-
containing units), fine-tuning is largely accomplished by the proper choice of electron-
donating or electron-withdrawing units at the β positions (denoted by substituent Y) and 
the side chains (denoted by R) for control of steric interactions and distortions.88 The 
general observed trends are summarized in Figure 1-5. 
 
Figure 1-5. General rules for spectral tuning of conjugated polymers using structural 
modifications. 
 
While breakthroughs in the color availability of the polymers have been achieved, further 
developments in the fine-tuning of the hues and saturation of the polymers are necessary. 
Particularly, developing general guidelines for spectral and color tuning is pertinent for 
copolymers and more complicated systems such as the D–A type polymers. In addition, 
the bugging issue of residual absorption in such polymers in the visible region often 
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limits the level of transmissivity in their transparent states and therefore color contrast, 
which poses as a key problem for real-life applications.88 Residual tints ranging from 
yellow, brown to blue are commonly observed in many of the reported polymers. Efforts 
targeted towards solving the problem are currently on-going. For practicality, it is 
desirable for the transmissive states of the polymers to reach at least 80% transmittance, 
without compromising on the film thickness and color contrast. In general, it has been 
observed that highly electron-rich, all-donor conjugated systems display higher level of 
transmissivities in their doped states, presumably due to the ability of the electron-
donating units to stabilize the positively-charged, doped species.89  
 
1.4.2 Polymer design and development 
Besides the colors, the performances of the polymers and their devices in terms of optical 
contrasts, switching speeds and operating stability are also of paramount importance. 
Significant efforts to enhance and optimize the electrochromic performances have been 
put in either from the materials and devices aspect. This ranges from the synthetic design 
of the chemical makeup of the polymers, the film processing method, to the assembly and 
structuring of the device and constituting components. 
 
In terms of polymer design, major factors to be considered include magnitude of the 
bandgap, positions of the frontier molecular orbitals (highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO)), backbone planarity, 
electrical conductivity, solubility and many others. Such intrinsic properties are of utmost 
significance as they control the resulting electrochromic performances. For instance, they 
govern the ability of the polymer to undergo a redox reaction (the susceptibility towards 
oxidation and reduction and the potentials at which such processes occur) as well as to 
conduct electrical charges, which directly influences the color contrast, switching speed, 
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operational voltage and redox stability of an electrochromic polymer. As an ongoing task 
to create newer and better-performing polymers, a limitless number of building blocks 
and their pairings have been studied and reported. In particular, the D–A type which 
involves the incorporation of various electron-donating and electron-accepting moieties 
in the polymer backbone has been one of the most widely explored classes of polymers. 
Not limited to traditional electron-acceptors employed in the field of organic electronics 
such as benzotriazole and benzothiadiazole, numerous novel electron-deficient acceptor 
units have also been keenly explored. Further discussion on such materials will be 
available in Chapter 2. Besides differing in the identity of the main heterocyclic unit, 
structural modifications on the polymers have also taken place by varying the substituents 
and side groups as illustrated in Figure 1-5. While the synthesis and production of these 
structurally-new polymers should be highly lauded, the subsequent electrochromic 
characterizations were unfortunately largely carried out in a mere routine fashion. This 
leads to a lack of in-depth understanding and study of how the chemical structures of the 
polymers affect their intrinsic chemical and physical properties, and in turn, their 
electrochromic performances. Moreover, direct comparisons of the findings obtained 
across various research groups bear little meaning due to the large variations in 
conditions utilized for the characterization of the devices. For future development and 
easy refinement of the electrochromic properties to suit any desired application, 
elucidation of the structure-property relationship is deemed necessary. 
 
1.4.3 Processing and structuring of functional thin films 
The processing of the polymer into functional thin films is another important step in the 
fabrication of devices, which provides much room for performance improvement and 
optimization. Traditionally, the route to electrochromic polymer film formation primarily 
involves electropolymerization within an electrochemical cell, which directly produces a 
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film with controllable thickness on the conductive substrate.90-92 The tediousness, low 
reproducibility and low throughput of the electropolymerization process, in addition to 
the goal of gearing the processing of polymer films towards large-scale and large-area 
production has seen the practice being gradually replaced by other solution-processable 
coating and printing techniques.93 Some of these include spin-coating, spray-casting, 
blade-coating, inkjet-printing and screen printing. Interestingly, it was observed that the 
morphology of the resulting polymer film has an impact on the electrochromic properties 
of the device by affecting the physical processes during the device operation. For 
example, an open morphology with high film porosity has long been regarded and widely 
accepted by the scientific community to promote enhanced electrochromic performance 
as it renders more electrochemically-addressable sites and facilitates the ingress and 
egress of participating charge-balancing counter ions during the redox process. Empirical 
evidences have been revealed in which polymers bearing longer and bulkier side groups61, 
64, 94, 95 or larger ring size,96 as well as those adopting a loose-packed star-shaped 
structure97 exhibit faster switching rates. A thin film structure with high exposed 
surface/interfacial area as well as shortened ion-to-surface transport distance is also 
predicted to yield similar benefits. This thus led to the generation of recent attention on 
nanostructuring to produce polymer films of various low dimensions. To-date, numerous 
one-dimensional (1D) (e.g. nanowires, nanotubes), two-dimensional (2D) (e.g. layer-by-
layer (LbL)) and three-dimensional (3D) (e.g. nanospheres) polymer structures have been 
investigated. Some of the techniques adopted for the creation of these polymer 
nanostructures include electrospinning, hard or soft photolithography (e.g. UV 
photolithography,98, 99 micromolding in capillaries100, 101 and mold stamping102, 103), 
template-assisted approaches104-107 and layer-by-layer sequential film deposition.108, 109 
Promising results have been reported in which rapid color-switching speeds of down to 
the millisecond range are achieved. As an example, nanotubular structures of PEDOT 
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with wall thickness of 10 – 20 nm obtained through electrodeposition within porous 
alumina template were found to be able to display an ultrafast switching speed of less 
than 10 ms,107 which is among the fastest reported in literature to-date. In general, much 
of the findings suggest that the polymer structuring and film deposition technique can 
influence the surface and bulk morphology of the active polymer layer, which has an 
effect on the resulting performance of the electrochromic devices. Unfortunately, 
morphological studies on electrochromic polymers have so far been limited. More studies 
are therefore required to reveal deeper insights on the exact relationship and mechanisms.  
 
1.4.4 Manipulation of device components and architecture 
From the device point of view, the number of variables under consideration is magnified. 
Besides the active polymeric layers in terms of chemical identity and morphological 
control as discussed earlier, other constituting components such as the electrode, 
electrolyte and counter/charge-storage layer are just as important as they work 
synergistically. To this end, a huge range of materials have been explored. For instance, 
organic materials such as graphene,110 carbon nanotubes111-114 and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)115-117 are promising 
alternatives as the electrode material compared to conductive metal oxides which are 
costly, scarce and may be incompatible with organic electrochromic materials. Similarly, 
various types of electrolytes such as solid or gel polymer electrolytes with assessments on 
the polymer/salt combinations and compositions, polyelectrolytes and ionic liquids have 
also been investigated upon.118-123 Encouragingly, comparable or improved performances 
against conventional devices were yielded. 
 
Other than the selection of choice of said components, the manner in which each of them 
are integrated and built is also critical to the ultimate performance of the working device. 
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Conventionally, the multiple layers are stacked layer-by-layer, one after the other in a 
sandwich manner. Numerous innovative adaptions to the device architecture have been 
carried out to simplify the fabrication process as well as to promote greater interaction, 
functionality and device performance. Among the tested strategies are to form a single-
layer composite comprising of the mixture of the electrochromic polymer and an 
electrolyte, as well as in-situ polymerization of the electrochromic polymer from 
monomers that have earlier been dispersed within the electrolyte matrix and assembled 
into the device.124-127  Favorable findings such as enhanced redox stability and cycle lives 
have been reported.  
 
1.4.5 Current electrochromic performance status and benchmarks  
As with the immense variations in polymer structures, device architecture and device-
driving conditions (e.g. magnitude and duration of applied potentials) as well as an 
apparent lack in consistency in determination of the electrochromic performance, the 
color-changing ability of reported colored-to-transmissive polymers covers across a wide 
range. Matters are further complicated as a sizable number of polymer characterizations 
are carried out in a liquid electrolyte, which is impractical for useful applications. It is 
therefore highly difficult and almost impossible to pinpoint the best material or 
electrochromic performance. Nonetheless, a general summary of the electrochromic 
performances attained for reported polymers in literature is attempted below.  
 
Other than the intrinsic perceivable neutral-state hues, the extent, speed and reversibility 
of color change are among the essential parameters required for the gauging of the 
performance of any electrochromic material. The current status for polymer-based 
electrochromic devices in terms of their color contrasts, switching speeds and cycle lives 
stand at the following. 
18 
 
The color contrast or optical contrast measures the transmittance difference (Δ %T) 
between the two states of the electrochromic material, and a value as high as possible is 
favored. Not limited to changes occurring in the visible region, the term is also used for 
optical variations in the near-infrared (NIR) region despite them being invisible to the 
human eye. At present, optical contrasts within 25-50% and 40-80% in the visible and 
NIR regions respectively have been attained. Some of the selected higher values reported 
to-date include 60% (at 580 nm)128 and 98-99% (at 1800 and 1460 nm).129, 130 The first is 
based on a derivative of poly(3,4-propylenedioxythiophene) (PProDOT) as the cathodic 
layer sandwiched between an ITO electrode and gold-based glass counter electrode, with 
a PMMA-based gel electrolyte as the ionic conductor. The device is operated at potentials 
of ±2.8V.128 In the other two examples, donor-acceptor polymer films based on 
quinoxaline were coated on ITO substrates and switched in a liquid electrolyte/solvent 
couple (0.1M TBAPF6/DCM) at potentials of between -0.3 and +1.2-1.3V.129, 130 
 
The switching speeds for electrochromic conjugated polymers are usually in the order of 
a few to tens of seconds. Rapid sub-second switching has, nonetheless, also been reported. 
One of the examples include a device (0.6 cm2) composed of bilayers of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and poly(allylamine 
hydrochloride) on ITO substrates which reveals coloration and bleaching times of 31 and 
6 milliseconds (to attain 90% of the color change) respectively when switched between 0 
and 1.4V.131 Commonly, an asymmetry in switching behavior is observed in polymers 
wherein the reductive process takes place faster compared to the oxidative process. This 
occurrence is usually attributed to the higher electrical conductivity of the polymers in 
their doped states against the semi-conducting un-doped form.132 While fast color 
changes are not always necessary for all electrochromic applications, it remains highly 
desirable to bring down the switching speeds of the polymers to the regime of tens of 
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milliseconds or even microseconds. It is to be noted at this point that reported switching 
speeds should be carefully discerned, as they are highly dependent on the film area, film 
thickness, as well as the level of color contrast. 
 
The robustness of an electrochromic polymer is measured in terms of its cycle life, which 
depicts the number of redox cycles it can undergo prior to significant degradation. Again, 
the method for determination varies widely across different research groups. In most 
cases, electrochromic conjugated polymers can sustain between hundreds to thousands of 
potential steps. On the contrary, materials and devices that can withstand more than ten 
thousand repeated redox cycles are considerably rare. Among the more prominent 
examples of conjugated polymers with exceptional stability are two green-to-transmissive 
and magenta-to-transmissive switching devices based on ProDOT-co-BTD and 
PProDOT-(CH2OEtHx)2 (Figure 1-6) which demonstrated a long cycle life of over 55 
000 and 100 000 cycles when switched between potentials of 0 and 2.2V and -0.4 and 
0.8V respectively.39, 71 In both cases, a minimally color-changing polymer (N-alkyl 
substituted poly(3,4-propylenedioxypyrrole) was utilized as the counter layer in the 
device. Sealants were also applied to enhance the performance of the devices by blocking 
out atmospheric moisture and oxygen. 
 






1.5 Motivations and objectives 
In summary of the abovementioned, polymeric electrochromic materials and their devices 
display immense potential to be the candidates for next-generation color-changing 
technology in a multitude of applications and consumer products. Nonetheless, for 
conjugated polymer-based prototypes to establish their places in the market, several high 
hurdles remain. 
 
The key challenges that need to be addressed include further broadening of the color 
palette for generation of finer shades and hues, improving the color contrasts and 
switching speeds of the polymers (down to a few or tens of milliseconds), as well as 
enhancing the long-term stability of the materials and devices (up to at least 100 000 
repeated cycles). To address these issues, a deeper understanding on how the chemical 
structure of the conjugated polymers affects their physical and electrochemical properties 
such as color and susceptibility towards oxidation/reduction is necessary. This is critical 
as these intrinsic properties influence the electrochromic capability of the polymers to a 
large extent, such as their switching ability, redox stabilities and cycle lives. A complete 
grasp and understanding of the structure-property relationship will therefore enable 
synthetic chemists and material scientists to develop materials that suit the intended 
applications and requirements easily in future. Aside from structural modifications on the 
polymers, the manner in which the materials are processed is also key to optimizing their 
performances. Further knowledge and enhancement of the electrochromic performance of 
conjugated polymers from the device point of view is vital to drive the technology 
forward. The primary aims of this work are therefore to address the deficiencies of 
current electrochromic polymer and their devices through a better understanding of the 
fundamental chemistry and physics behind the intrinsic properties and operation, and 
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subsequently develop approaches to enhance their performance through morphological 
and architectural manipulations.  
 
In this project, novel conjugated polymers based on a relatively unexplored electron-
accepting building block – diketopyrrolopyrrole (DPP) in the field of electrochromics 
were investigated and studied for their properties. DPP is chosen as its planar and 
conjugated chemical structure imparts it with high charge transport ability, as 
demonstrated by its exceptional performance and versatility for various organic 
electronics. It is therefore interesting and exciting to see how its capability can be 
extended to electrochromic applications. Moreover, DPP can be easily functionalized 
which enables facile structure-property relationship studies. The analysis on how the 
modifications of the chemical structure of the polymers affect their properties such as 
color and electrochromic performance was therefore carried out. Further performance 
optimization of the conjugated polymers was investigated through morphological and 
architectural control. Fully functional absorption/transmission type electrochromic 
devices were fabricated and demonstrated in this work. 
 
1.6 Outline of the thesis 
In this thesis, the introduction to electrochromism, electrochromic materials and their 
devices, their applications, as well as a review of the developments and current status for 
polymer-based electrochromic devices are provided in Chapter 1. Chapter 2 describes 
some of the fundamental theories behind electrochromism in conjugated polymers, such 
as the origin of bandgap, color and color changes. The basic operating principles of the 
electrochromic devices are also outlined. Chapter 3 presents the experimental details, 
including the characterization tools and techniques, steps for electrochromic device 
fabrication, and definitions for the electrochromic performance parameters. A list of the 
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polymers studied throughout this work, together with their chemical structures, is also 
provided. Chapter 4 details the study of novel DPP-based D–A type conjugated polymers, 
with the understanding of the chemical structures on their colorimetric properties, as well 
as the goal of spectral manipulation to achieve desirable neutral-state black hues. Chapter 
5 focuses on the investigation of structure-property relationships, probing the influence of 
chemical composition in terms of length of side chains, polymer molecular weights and 
donor-acceptor ratios on the electrochromic performance of the conjugated polymers. In 
Chapter 6, approaches to optimize the performance of DPP-based polymers through 
morphological control strategies – film-coating techniques, solvent vapor annealing and 
thermal nanoimprint lithography are explored and presented. An overall summary and 
outlook is presented in Chapter 7, concluding the major contributions of this project and 




CHAPTER 2 THEORY 
2.1 Theory of conjugated polymers 
2.1.1 Band theory: the molecular orbital approach 
Conjugation, in chemistry, refers to the overlapping of three or more adjacent sp2 
hybridized π-orbitals and a conjugated system is formed when a molecular entity consists 
of a continuous array of such π-orbitals. Spatial delocalization of the π-electrons across 
the aligned, interconnected π-orbitals gives rise to lowered energy and increased stability 
in the overall system. Among the largest conjugated systems are the conjugated polymers, 
whose backbone chain is built up of alternating single and double carbon-carbon bonds.  
 
Conjugated polymers are large macromolecules formed from the polymerization of 
repeating units known as monomers, which involves the bonding between neighboring 
units. Additionally, a monomer is a unit made up of two or more atoms that are 
chemically bonded. To understand the bonding behavior between atoms and larger 
systems, the molecular orbital theory - one of the most sophisticated models is utilized. 
The theory states that the formation of bonds between atoms involves the sharing of 
electrons and the resultant molecular orbitals are represented using a linear combination 
of individual atomic orbitals.  
 
Understanding of the bonding behavior in conjugated molecules and polymers entails a 
closer look at the fundamental makeup of carbon atoms. In such systems, each carbon 
atom possesses three p orbitals (px, py, pz) of which two are sp2 hybridized. While the two 
hybrid orbitals are utilized in the formation of σ-bonds along the backbone, the remaining 
unused pz orbital is contributed towards the formation of π-bonds. As the σ-orbitals are 
lower in energy and are not involved in the reactivity and chemical reactions of 
24 
 
conjugated systems, attention is focused on the π framework. When two carbon atoms 
interact to form a π-bond, the two individual pz orbitals combine to form a set of new 
molecular orbitals – the bonding (π) and anti-bonding (π*) orbitals. The lower-energy 
bonding orbital is filled up with π-electrons whereas the higher-energy anti-bonding 
orbital remains vacant (Figure 2-1).  
 
Figure 2-1. Molecular bonding and anti-bonding π-orbitals arising from the linear 
combination of atomic pz orbitals. 
 
As more carbons are connected along the chain, a total of N pz orbitals will be 
contributed by N carbon atoms as each carbon atom contributes 1 pz orbital. Interaction 
between the resulting N π-orbitals leads to the formation of multiple discrete energy 
levels so closely-spaced that it results in the formation of bands. To the chemists, the top-
most energy level at which electrons are filled up to is known as the highest occupied 
molecular orbital (HOMO) while the first unfilled energy level at which electrons can 
occupy upon excitation is the lowest unoccupied molecular orbital (LUMO), and 
collectively, they are also referred to as the frontier molecular orbitals. The energy 
difference between the top and bottom of the band edges of the HOMO and LUMO 
respectively corresponds to the band gap (Eg). Figure 2-2 shows the evolution of band 
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gap with increasing extent of conjugation. Polyacetylene (CH)x, existing as the simplest 
model of conjugated polymers, is illustrated as an example.  
 
Figure 2-2. Illustration of the evolution of band structure of polyacetylene upon 
increasing number of repeating monomeric units. 
 
As seen from the above figure, the reduction in the bandgap upon an increasing number 
of recurrent monomer units does not occur infinitely and will reach a saturation limit. The 
saturation onset occurs above a certain number of repeating units, where En ≈ E∞. This 
brings about the concept of effective conjugation length,133 which refers to the length of 
conjugated backbone over which an electron can access and is independent of the 
polymer’s molecular weight. A reduction in the effective conjugation length of a polymer 
is mainly caused by the failure of π-orbitals to be well-aligned with one another and can 
occur through various factors such as structural defects and disruptions in backbone 
planarity, and this will result in a larger bandgap of the material. Further discussion 




2.1.2 Bandgap: influencing factors and importance 
Despite being widely studied and well understood, simple conjugated systems like 
polyacetylene are limited in their functionality. Current research focus on conjugated 
polymers is directed towards materials that are built up of more complex aromatic 
heterocyclic systems. A closer look at these systems is thus necessary. First and foremost, 
aromaticity is a term used to describe the property of enhanced stability within a 
conjugated cycloalkene. The determination for aromaticity in a molecule follows the 
Hückel’s rule, and the criteria are: cyclic, planar, fully conjugated, and possesses 4n + 2 
π-electrons.  Some of the examples of aromatic precursors include the thiophene, pyrrole, 
furan as well as benzene (Figure 2-3), which possesses six π-electrons each. 
 
Figure 2-3. Chemical structures of basic aromatic systems in conjugated polymers. 
 
The bandgaps of conjugated polymers built up from aromatic precursors are primarily 
affected by the extent of π-orbital overlap and hence effective conjugation along the 
conjugated backbone, which is correlated to the combination of five major factors: degree 
of bond length alternation, aromatic resonance energy, backbone coplanarity, inductive 
and mesomeric electronic effects of substituents, as well as intermolecular/interchain 
interactions.134 Figure 2-4 shows the pictorial representation of the above contributions, 




Figure 2-4. Factors determining magnitude of bandgap in conjugated polymers: bond 
length alternation (Eδr), aromatic resonance energy (ERes), backbone planarity (Eθ), 
electronic effects of substituents (ESub) and interchain interaction (EInt). Adapted with 
permission. Copyright 1997 American Chemical Society.134 
 
Bond length alternation defines the average of the difference in bond lengths between 
neighboring carbon-carbon bonds (i.e. adjacent single C-C and double C=C bonds in 
conjugated polymers). For conjugated polymers based on aromatic rings, they possess a 
nondegenerate ground state in which the mesomeric aromatic and quinoidal forms are not 
of equivalent energies (Figure 2-5). Evidence shows that the bandgap decreases linearly 
with increasing quinoidal character in the polymer chain.135 
 
Figure 2-5. Resonance structures of polythiophene in its aromatic and quinoidal forms. 
 
Conjugated systems possess resonance energy, in which additional stability is present 
compared to a compound with an equivalent number of isolated double bonds. Unlike 
basic (CH)x hydrocarbons in polyacetylene, the aromatic thiophene, furan or benzene 
units in polythiophene, polyfuran and polybenzene respectively possess even higher 
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resonance energy. This arises from the aromaticity of the aromatic rings. Due to the 
preference of the π-electrons to be confined within the aromatic rings for enhanced 
stability, the π-electrons are less available to delocalize along the polymer chain. Hence, 
polymers composed of benzene rings (stronger resonance confinement) display larger 
bandgaps than their counterparts comprising of furan (weaker resonance confinement).136 
 
The issue of backbone coplanarity arises due to the presence of single bonds flanking the 
aromatic rings that can rotate freely. Assuming an ideal case in which the bonds are 
aligned such that all the monomeric units are arranged in a planar fashion with all the π-
orbitals orthogonal to the molecular plane (Figure 2-6a), the adjacent π-orbitals are 
parallel with respect to one another and thus allows maximum overlap and complete 
delocalization of the π-electrons to yield a highly conjugated system with a lowered 
bandgap. A deviation from backbone planarity caused by torsional strain leading to 
interannular rotations will generally result in a reduced effective conjugation and also an 
increase in the bandgap of the polymer. Besides backbone twisting, steric hindrance 
arising from –R side groups can also influence the extent of backbone coplanarity. An 





Figure 2-6. Graphical representation of (a) complete backbone coplanarity and (b) 
deviation from planarity arising from torsional strain and steric hindrance in 
polythiophene.  
 
In addition to their physical influence, the –R substituents play an important in 
controlling the electronic properties and resulting bandgaps of the polymers. Such 
substituents can be largely categorized as electron-donating or electron-withdrawing, and 
the addition of these groups can respectively affect the HOMO or LUMO levels through 
inductive and mesomeric electronic effects. While electron flow as a consequence of 
inductive effects occurs due to the difference in electronegativities, mesomeric effects 
deal with the movement of electrons along π-orbitals under the various resonance 
structures. For instance, the incorporation of electron-donating –R groups (e.g. alkoxy 
groups) leads to an enhancement in π-electron conjugation, owing to the contribution 
from the electrons of the oxygen atom. As a result, the bandgap is lowered. Conversely, 




Lastly, as polymer chains do not exist in isolation, intermolecular interactions are present 
among neighboring chains. Such interchain coupling can influence the manner in which 
polymer chains align and pack, which further affects the bandgaps especially in the solid-
state. 
 
Since the bandgap and positions of the HOMO and LUMO levels are defining factors 
responsible for the intrinsic optical and electronic properties of polymers such as their 
colors, conductivities, susceptibility towards oxidation/reduction as well as the stabilities 
of their doped states, adjustment of the HOMO and LUMO levels can, in particular, be 
employed as an approach to achieve the desired bandgap and properties in the polymers. 
For polymers with bandgaps of more than 2 eV, they are classified as mid- to high-
bandgap materials. To qualify as a low-bandgap material, the polymer should possess a 
bandgap of less than 1.5 eV.137 
 
2.1.3 Electronic transitions, absorptions and colors 
In their neutral forms, conjugated polymers behave as semi-conductors due to their 
moderate band gaps of less than 3 eV. Upon absorption of light with photon energy 
equivalent to the energy difference/magnitude of the intrinsic band gap, the electron is 
excited from the ground state to the excited state (i.e. transition of electron from the 
HOMO to the LUMO level). This electronic transition is also characteristic of the π-π* 
interband transition in conjugated polymers. Due to their conjugated nature, the energies 
required for electronic transitions in the polymers are lowered to an extent such that they 
occur within the visible region of the electromagnetic spectrum in most cases. Therefore, 
most polymers absorb certain wavelength regions of the visible spectrum in their neutral 
states. It is essential to note that absorptions of polymers occur as broad bands instead of 
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discrete, sharp peaks as the HOMO and LUMO levels are bands rather than distinct 
energy levels as described under the band theory. 
 
An intricate relationship exists between light absorption and observed colors of the 
materials. Absorption of light in the visible region removes a certain wavelength range 
off the incident white light, and any light left unabsorbed is reflected into the human eyes. 
The reflected light thus corresponds to the colors of the materials observed. This gives 
rise to the “complementary color wheel” model as shown in Figure 2-7a. When a 
polymer absorbs at low-energy wavelength region i.e. orange light, it will appear blue. 
Contrary, when a polymer absorbs high-energy light i.e. blue light, it will appear orange. 
This model hence allows an approximate prediction on how the perceived colors of the 
polymers change as a function of band gap. As band gap decreases, the wavelength at 
which light is absorbed increases according to Figure 2-7b and the following equation: 




Where h refers to the Planck’s constant (6.626 × 10-34 Js) 
and c refers to the speed of light (3 × 108 ms-1) 
 
The observed neutral-state hues of the polymers with lowering band gaps are therefore 
expected to shift along the direction: yellow, orange, red, purple, blue to green, in 
accordance to the color wheel. Nonetheless, the color model falls short in certain 
scenarios. For instance, sole absorption of purple light does not translate to a perceived 
green hue in the polymer. To observe the color green, the polymer has to absorb both red 
and blue light simultaneously. A generic representation of the absorption profiles of 



































Figure 2-7. (a) Illustration of complementary color wheel, (b) relationship between band 
gap and color of absorbed light and (c) typical absorption profiles of yellow, orange, red, 
purple, blue and green polymers. 
 
2.1.4 Electrochemically-induced electronic, transition and optical changes 
Conventionally, conjugated polymers have been believed to behave as insulators. It was 
not until 1976 when Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa discovered 
and established the metal-like conductive nature of conjugated polymers which can be 
induced by the introduction or removal of electrons. Their seminal findings demonstrated 
that polyacetylene, which has been “doped” with electron-accepting iodine vapor, can 
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exhibit an exceptional conductivity of ~103 S/cm,138 and this sparked off a widespread 
interest in the field of conjugated polymers. 
 
Deliberate introduction and removal of electrons to and from conjugated polymers can be 
achieved using electrochemical methods. Upon electrochemical oxidation (application of 
positive bias), an electron is removed from the HOMO and conversely, during the reverse 
process of electrochemical reduction (application of negative bias), an electron is added 
to the LUMO. Electrochemical oxidation and reduction are, respectively, analogous to 
the creation of holes and electrons in the polymer system. As such, these processes are 
also commonly referred to as p-doping and n-doping correspondingly, which lead to an 
alteration in electronic configurations and absorptions of the polymers. It is to be noted 
that for conjugated polymers, p-doping occurs more readily than n-doping. This is due to 
the reduced stability of the generated negatively-charged species under oxidative 
atmospheric air.139 As an illustration, the structural changes upon oxidative and reductive 
doping are shown in Figure 2-8a, using an aromatic chain as an example. 
 
During the p-doping process, the extraction of an electron leads to the formation of a 
radical with ½ spin and a positive charge. The resultant charged species, together with the 
redistribution of neighboring electron clouds, is known as the polaron (radical ion). As it 
is energetically-favorable to localize this charge, the polaron is only delocalized over a 
short polymer segment. In consequence of the process of localization, lattice relaxation 
(distortion) occurs, leading to the formation of localized electronic states within the 
intrinsic band gap, symmetric about the band centre140 as the top of the HOMO and 
bottom of the LUMO shifts up and down by the same amount.135 The lattice distortion 
also leads to a loss in the chain planarity, and geometrical chain structure changes from 
an aromatic, benzoidal state to a quinoidal state. Further oxidation results in a lower-
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energy bipolaron species (spin-free and doubly-charged), which is energetically more 
favorable to form rather than two separate polarons.141 In turn, the energy levels are 
shifted closer towards the band centre (Figure 2-8b). During the n-doping process, 
electrons are introduced into the conjugated chain to produce negative polarons and 
bipolarons with similar formation of localized electronic states within the intrinsic band 
gap even though the orbital occupancy is different from the p-doping process (Figure 2-
8c).142 As these generated polarons and bipolarons are responsible for the electrical 
conduction in conjugated polymers, such polymers are only conductive in their doped 
states, with values in the range of 10 - 105 S/cm.143 Considering that electrical 
conductivity arises from the movement of charged species along the conjugated backbone, 







Figure 2-8. Illustration of (a) structural changes of conjugated aromatic chains under 
electrochemical doping, and induced absorption changes under (b) oxidative doping (p-
doping) or (c) reductive doping (n-doping).  
 
As mentioned previously, formation of new electronic states occurs upon the generation 
of polarons and bipolarons. Under the polaronic state following p-doping or n-doping, 
two allowed electronic transitions (Ep1: SOMO (singly-occupied molecular orbital)  
LUMO and Ep2: HOMO  SOMO) take place whereas under the bipolaronic state, a 
major electronic transition (Ebp: HOMO  LUMO) occurs (Figures 2-8b and 2-8c). As 
seen, absorption bands of lower energy (higher wavelength) thus appear as the polymer is 
progressively oxidized or reduced. This process proceeds with a concomitant decrease in 
the absorption in the visible region as the initial filled states become depleted. Commonly, 
the new absorptions occur in the NIR region and this results in a transmissive state of the 
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polymer as the human eye is not sensitive towards wavelengths above 700 nm. Upon 
reversal of the applied bias, the polymer reverts to its benzoidal state and reveals color 
again. In the case where the bathochromic shifts in the new absorptions are not sufficient 
to fall within the NIR region, the polymer will exhibit a second colored state instead of a 
transmissive state. These polymers will hence switch reversibly between two distinct 
colors. Depending on the positions of the absorptions at various doping levels, multiple 
color changes within one polymer can also occur. Such materials are termed 
‘multichromic’. Moderate-bandgap polymers that transit from their colored to 
transmissive states upon oxidative doping are known to be cathodically-coloring. On the 
other hand, large-bandgap polymers that are initially absorbing in the ultraviolet (UV) 
region and subsequently reveal color under oxidation are anodically-coloring. 
 
2.1.5 Donor-acceptor type polymers 
Thus far, the discussion on conjugated polymers has been limited to homopolymers - 
polymers that are formed from only one type of monomer. Polymers that are formed from 
two or more monomeric species are, in general, known as copolymers, and they include 
bipolymers (two monomer species), terpolymers (three monomer species), 
quaterpolymers (four monomer species) and so on. A special class of polymers exists, in 
which the polymer backbone is built up of electron-donating and electron-accepting units. 
Such polymers are broadly termed donor-acceptor (D–A) type polymers.  
 
As electron-donating and electron-accepting abilities are relative terms, any constituting 
moiety can effectively act as a donor or acceptor depending on the unit that it is paired 
with and the resulting energetics of electron movement. In general, electron donors refer 
to chemical units that donates electron readily (shallow HOMO) while electron acceptors 
are those that accept electrons readily (deep LUMO). Between a pair of electron donor 
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and electron acceptor, the former has a shallower HOMO level whereas the latter has a 
deeper LUMO level. To judge the electron-donating or –accepting strengths of the 
various units, the energy levels of the HOMO and LUMO are used. Such values are 
typically assessed through experimental measurements or ab initio theoretical 
calculations. In general, the electron-donating strengths of the units decrease with a 
deepening in HOMO levels while the electron-accepting strength increases with a 
deepening in LUMO levels. 
 
Consider the interaction between a donor and an acceptor unit as they come together to 
interact with each other. The interaction of the individual bonding and anti-bonding 
molecular orbitals of as well as charge transfer between the donor and acceptor units will 
lead to the formation of a new set of polymer orbitals with HOMO and LUMO levels that 
are higher and lower in energy in comparison to the initial state, and thereby reducing the 
bandgap (Figure 2-9). It is also essential to note that the resulting HOMO and LUMO 
levels are largely determined by the intrinsic HOMO of donors and LUMO of acceptors 
respectively. Upon further conjugation with additional units, band-like structures 
consisting of a broad, filled band and two unfilled bands with major contributions from 
the acceptor and donor units respectively emerge. Allowed electronic transitions can thus 
occur from the HOMO to the LUMO of acceptors or from the HOMO to the LUMO of 
donors (Figure 2-9). These transitions are typically referred to as intramolecular charge 
transfer (ICT) arising from the electron push-pull effect between the donor and acceptor, 




Figure 2-9. Hybridization of frontier energy levels of donor (D) and acceptor (A) units 
and resulting allowed electronic transitions in a D–A system. 
 
In recent years, the D–A approach has emerged as a notable and popular method for the 
synthesis of functional conjugated polymers. The attractiveness of these D–A type 
conjugated polymers stems from two distinct characteristics, namely, the presence of two 
allowed electronic transitions and low bandgap.  
 
As discussed earlier, the absorption behavior of conjugated polymers plays an important 
role in determining their colors, and in particular, the dual-absorptions character of D–A 
polymers pave the way towards the realization of neutral-state green polymers by 
simultaneously absorbing both red and blue light. Upon ingenious structural 
modifications, fine-tuning of the colors becomes possible and facile. For instance, the 
color black, once believed to be highly difficult to achieve, has been obtained in 
conjugated polymers using the D–A approach. Besides color availability, the low 
bandgaps (< 1.5 eV) of such materials are also highly desired. The reasons for the 
fascination towards low bandgap polymers are aplenty. For instance, low bandgap 
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polymers exhibit higher conductivity. Also, the combination of high HOMO and low 
LUMO increases the possibility of the polymer being both p- and n-dopable, allowing 
multiple redox states within a small potential window. 
 
D–A polymers are exciting to the organic chemists and materials scientists as the 
properties of these materials such as HOMO and LUMO levels as well as extent of inter-
chain interactions can be ingeniously tailored as desired, through the integration of 
different pairs of donors and acceptors. The chemical structures of some of the electron 
donors and acceptors that have been utilized in the synthesis of D–A electrochromic 
conjugated polymers are illustrated in Figures 2-10 and 2-11. The basic electron-rich 
units include thiophene, furan, pyrrole and benzene (phenyl ring), and their substituted, 
fused and bridged derivatives make up the huge library of donor moieties. Empirically, 
thiophene-based units (D1-D6) have stronger electron-donating abilities than their 
phenyl-based counterparts (D9-D11) and are often considered as strong donors. Donor 
moieties that comprise of both thiophene and benzene (D12 and D13) have moderate 
donating strengths and are usually medium donors.144 On the other hand, both thiophene 
and furan have similar electron-donating abilities.145 Besides the chemical nature, the 
geometrical structure of the unit plays a critical role in controlling the electron-donating 
ability. In general, symmetrical units behave as stronger electron donors.  
 
For the electron acceptors, the basic electron-deficient unit possesses at least one 
electron-withdrawing group such as an imine nitrogen (-C=N) or a carboxyl unit (-C=O), 
and some of these units include triazole, thiadiazole, pyrazine, pyridazine, annulated 
amide or imide. From these basic units, many other derivatives have been developed. 
Between triazole-based and thiadiazole-containing units, the latter are considered to be 
stronger acceptors. The successive incorporation of electron-withdrawing halogens such 
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as fluorine in A3 and A4 is able to deepen the LUMO progressively.75 While moieties 
that comprise of a single amide or imide ring are commonly regarded as weak acceptors, 
extended conjugation and presence of further annulated rings impart stronger electron-
withdrawing character.144 Similarly, acceptors based on pyrazine and pyridazine possess 
strong electron-accepting ability, and this can be heightened by fusing an additional 
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Figure 2-10. Common basic donor building blocks and their derivatives. D2: 
dialkoxythiophene (DalkOT); D3: ethylenedioxythiophene (EDOT); D4: 
propylenedioxythiophene (ProDOT); D5: thienothiophene (TT); D6: dithienothiophene 
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Figure 2-11. Common basic acceptor building blocks and their derivatives. A1: 
benzotriazole (BTz); A2: benzothiadiazole (BTD); A3: mono-fluorinated BTD; A4: di-
fluorinated BTD; A5: benzooxadiazole; A6: benzoselenadiazole; A7: thiadiazolopyridine; 
A8: quinoxaline (Qx); A9: pyrazinoquonoxaline; A10: triazoloquinoxaline; A11: 
thiadiazoloquinoxaline; A12: pyrrolopyridazine dione; A13: pyrrolophthalazine dione; 





To result in high-performing electrochromic D–A conjugated polymers, proper and 
rational selection of the appropriate donor and acceptor units is essential. Extensive 
research has revealed that alkoxythiophene-based units such as EDOT and ProDOT are 
among the most efficient donor building blocks, exhibiting fast redox switching, low 
operational potential, great ambient and thermal stability, as well as distinct color-to-
transmissive optical changes.61, 94 While the selection of donor moieties has been fairly 
established, the choice of acceptor units is unlimited due to the myriad of electron 
acceptors currently available and developable. At the moment, emphasis is on the search 
for more efficient electron acceptors, and novel design, synthesis and study of such 
materials is ongoing. The understanding of the relationship between the chemical 
structures/type of donor-acceptor pairing with the resulting polymer behavior is key and 
highly crucial in the development of higher-performing electrochromic D–A polymers.  
 
In the area of organic electronics, it is proposed that building blocks that fulfil 
fundamental selection criteria of being planar and possessing a high level of molecular 
symmetry are more advantageous as this can lead to ordered, conjugated polymeric 
structures with strong intra- and inter-chain interactions, and thereby facilitating charge 
transport.144, 147 In this regard, diketopyrrolopyrrole (DPP) (A17) appears to be an 
excellent candidate. Discovered in the early 1970s, DPP is an organic dye which displays 
an intense brilliant red in the solid state and possesses excellent stability.148, 149 Given the 
presence of two amide rings in its chemical makeup, DPP is a highly electron-deficient 
unit which makes it suitable to be employed as an electron acceptor. Besides, DPP is 
highly conjugated, planar, and tend to possess strong neighboring π-π interaction for 
efficient charge transport.149, 150 In the work by Mizuguchi et al, single crystals of a DPP-
based molecule (3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4-dione) (i.e. diphenyl-
diketopyrrolopyrrole) were analyzed for their crystallographic properties.151 It is revealed 
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that the central core of DPP is almost flat, with the dihedral angle between the DPP and 
benzene ring only at 7°. Moreover, strong hydrogen-bonding (H --- O distance at 1.82 Å) 
and π-π stacking interactions (intermolecular distance at 3.34 Å) were also observed. The 
graphical representations are shown in Figure 2-12.149 In addition, DPP can also be easily 
functionalized with side chains (-R) at the nitrogen positions (see Figure 2-11) to render 
the resulting polymers soluble in common organic solvents and thus solution-processable. 
While the capability of DPP-based conjugated polymers has been proven in the field of 
organic electronics, such as in organic solar cells, thin-film transistors and light-emitting 
diodes,150, 152-155 it is hardly studied for electrochromic applications. This work thus aims 
to study such materials in closer detail.    
Figure 2-12. (a) Chemical structure, (b) crystal structure (distances in Å) and (c) 
intermolecular interactions of 3,6-diphenylpyrrolo[3,4-c]pyrrole-1,4-dione. Adapted with 
permission. Copyright 2007 and 2015 John Wiley and Sons.149, 151  
 
2.2 Operating principles of polymer-based ECDs 
2.2.1 Types of ECDs 
Electrochromic devices are essentially electrochemical cells that display optical or color 
changes upon an electrochemical redox reaction under an applied electric field. When the 
active electrochromic material of the ECD is a polymer, such devices are known as 
polymer-based ECDs or polymeric ECDs. Polymer-based ECDs can be further classified 
into two main groups, depending on the way light radiation is modulated during operation. 
They are the reflective type as well as the absorption/transmission type (Figure 2-13).143 
44 
 
In a reflective ECD, the changes in absorbance of the electrochromic polymer under 
different optical states control the extent of reflection intensity from the back electrode, 
and the most common example is the self-dimming automobile mirrors. For instance in 
the dark state, typically operated at night, the absorbing polymer reduces the reflection of 
headlights of the following cars, alleviating the glare and discomfort on the driver. On the 
other hand, the absorption/transmission ECDs switch reversibly between two or more 
different colored states, or alternates between an absorptive colored state and a 
transmissive transparent state. Some of the examples include smart windows, privacy 
glass as well as electronic labels and tags.  
 
Figure 2-13. Schematic illustration of the propagation of visible light during operation of 
reflective and absorption/transmission type ECDs. 
 
 
2.2.2 General device architecture 
The device structures of both reflective and absorption/transmission type ECDs are 
highly similar, with the key difference only in the nature of the back electrode material 
(reflective or transparent). In this thesis, only the absorption/transmission type of devices 
is focused on. Such solid-state devices can be further categorized into single-layer ECDs 
or dual-layer ECDs depending on the number of polymeric layers within the fabricated 
cells. The former comprises of one electrochromic polymer whereas the latter utilizes two 
polymer layers, each deposited as a film on a separate electrode. In a dual-layer ECD, at 
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least one polymer layer must be electrochromic; the secondary layer can either be 
electrochromic with complementary coloring/bleaching behavior or merely acting as a 
transparent charge-storage layer. The device structures of both single-layer and dual-layer 
ECDs are illustrated in Figure 2-14. For this work, only single-layer ECDs are fabricated 
and studied. 
 
Figure 2-14. Schematic illustration of the device architecture of (a) single-layer and (b) 
dual-layer polymeric ECDs. 
 
As shown in the above figure, the major components of an absorption/transmission type 
ECD include the transparent and conductive electrodes, the electrolyte, as well as the 
active electrochrome – conjugated polymers in this case.  
 
To ensure a high level of optical transmissivity for the penetration of light, the substrates 
used for the ECDs must be transparent to light. They are commonly made of glass or 
plastic which have general transmittance values of above 80% across the visible and into 
the NIR wavelength range.93 On the substrates is a layer of conductive material such as 
indium-tin-oxide (ITO) or fluorine-doped tin oxide (FTO) deposited through chemical 
methods such as sputtering, chemical vapor deposition or sol-gel techniques. ITO is an 
excellent choice due to its wide electrochemical window and high electrical conductivity. 
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The conductivity of the ITO layer is generally directly related to its thickness. For 
instance, the electrical sheet resistance drops from about 90 to 7 Ω/sq as the thickness of 
sputtered ITO film increases from 25 to 250 nm.156 Nevertheless, the high conductivity of 
the ITO layer comes at a cost as an increased film thickness leads to reduced 
transmissivity from 87 to 78% at 550 nm.156 As such, a fine balance has to be reached. 
 
Separating the two transparent electrodes is an electrolyte layer which is ionically 
conductive but electrically insulating. Besides playing the role as a source of ions for 
charge-balancing, the electrolyte also acts a physical layer between the two electrodes to 
prevent short-circuit of the ECDs. Among the common electrolytes employed are the 
polyelectrolytes157 or polymer electrolytes.158 While polyelectrolytes refer to polymers 
that possess ionized functional groups, polymer electrolytes are systems in which the salt 
is dispersed within a polymeric matrix. For a working device, the electrolyte medium 
should be gel-like and possess certain viscosity and rigidity to ensure that there is no 
issue of leakage during operation. For this purpose, gel polymer electrolyte has emerged 
as a popular choice. The main ingredients of a gel polymer electrolyte are the salt 
(typically lithium salts), a solvent to solvate the salt into mobile ions, a plasticizer for 
fluidity enhancement, and a polymer host as a “solid solvent”159 as well as a stiffener.160 
The addition of a plasticizer such as propylene carbonate, ethylene carbonate or ionic 
liquids161 is critical as they promote higher ionic conductivity of the electrolyte by 
rendering the polymer segments less crystalline to facilitate ion transport.162 For the 
polymer host, prevalent candidates include poly(methyl methacrylate) (PMMA) and 
poly(ethylene oxide) (PEO). In particular, PMMA-based electrolytes often possess high 
ionic conductivity as the polymer host is amorphous and consists of a flexible backbone 
with attached polar groups that are able to solvate inorganic salts readily.120 Careful 
selection of the type and concentration of the components is essential to obtain a gel 
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electrolyte formulation with an optimal blend of both physical and chemical properties. 
Besides high ionic conductivity, other important factors to consider will be the resultant 
transparency of the gel within the visible wavelength range, the electrochemical window, 
ease of handling as well as its volatility and mechanical stability.120 
 
The last critical component is the electrochromic polymer, which typically exists as a 
film state on the conductive electrode. The deposition of the polymer film can be carried 
out using various methods, such as electropolymerization19 or solution-processed 
approaches like spin-coating,163 spray-casting64, 164 or inkjet-printing.165-167 While 
electropolymerization has been a conventional method in the early days, numerous 
drawbacks such as it being a laborious technique and low throughput with issues in 
scaling-up limit its usage. Current focus has been shifted to above-mentioned solution-
processed coating and printing methods which are efficient, easy, and they allow large-
scale fabrication and direct patterning.168 
 
The details for the materials employed, electrolyte composition as well as the fabrication 
steps of absorption/transmission type polymeric ECDs studied in this work are given in 
the next chapter. 
 
2.2.3 Working mechanisms of ECDs 
During operation of an ECD, a two-electrode system is utilized. The operating principles 
of a single-layer polymeric ECD are as follows (Figure 2-15):  
i) Upon the application of a voltage between the two conductive electrodes, each of 
the electrodes will be oxidized or reduced respectively. For instance, as a positive 
bias is applied to the polymer-coated working electrode i.e. p-doping, positive 
charges will be injected from the conductive layer into the electrochromic 
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polymer leading to electrochemical oxidation of the polymer. The extent of 
doping can be controlled by manipulating the magnitude of applied voltage. 
 
ii) The oxidation of the electroactive polymer leads to the formation of positively-
charged species – polarons and bipolarons, and thus the creation of polaronic and 
bipolaronic bands which absorb at lower energies. The initial absorption in the 
visible wavelengths deplete simultaneously. The polymer changes from the 
colored to a transmissive state.  
 
iii) In order to ensure the overall charge neutrality of the device, the redox process 
occurring within the polymer is accompanied by the insertion of anions that are 
present within the electrolyte layer to the positively-charged sites.  
 
iv) Upon application of a reverse bias, the polymer undergoes the electrochemical 
reduction process. The polaronic/bipolaronic states of the polymer are converted 
back to the neutral state, resulting in the regeneration of colored hue. 
Simultaneously, the intercalated anions diffuse back into the electrolyte layer. 
 
v) In some cases, the polymer can undergo electrochemical reduction i.e. n-doping 
under a negative bias and exhibit electrochromic colored-to-transmissive change 
upon the formation of negatively-charged polarons and bipolarons. During this 
process, the cations instead of the anions in the electrolyte layer are involved for 
charge-balancing. Nevertheless, it is essential to note that the n-doping process is 
usually not favored for most polymers as mentioned earlier and electrochromic 
changes are not observed. Therefore, most polymers will remain in their colored 




Figure 2-15. Schematic diagram showing the operating principles of polymer ECD with 





CHAPTER 3 EXPERIMENTAL 
3.1 Characterization tools and techniques 
3.1.1 Gel permeation chromatography (GPC) 
GPC, a size-exclusion chromatography technique, is typically employed for the 
determination of the molecular weight distribution of polymers. A GPC setup consists of 
a gel (stationary phase), an eluent (mobile phase), a pump, as well as a detector. Briefly, a 
polymer sample is first dissolved in an appropriate solvent (e.g. tetrahydrofuran (THF)) 
and injected into the column. In the solution state, the polymer chains of various lengths 
coil up into spherical balls with different radius of gyration. The continuous flow of 
eluent (e.g. THF), aided by the pump, brings the dissolved coiled polymer chains to the 
stationary phase which is composed of a gel that is made up of tightly-packed, rigid 
particles (e.g. cross-linked polystyrene/divinylbenzene or silica) with a range of pore 
sizes. Within the gel, the smaller molecules (lower molecular-weight chains) with smaller 
radii can diffuse into most of the pores of the gel owing to their smaller sizes and reside 
in them, thereby eluting the latest. For polymer chains with slightly larger size, the extent 
of interaction with the gel is reduced. In contrast, the largest molecules (high molecular-
weight chains) are unable to access the voids of the pores, and hence will run down the 
column and be eluted first.  
 
The concentration by weight of the eluted species is monitored by a detector. Common 
detectors used include light-scattering or refractive index detectors. In a typical 
chromatogram, the elution behavior is illustrated in which the weight 
fraction/concentration of the eluted species is plotted against the retention time. The 
molecular weights of the polymer sample can then be automatically processed by 
comparing against the calibration curve made up of standards with known molecular 
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weights, usually monodispersed polystyrene (PS) or poly(methyl methacrylate) (PMMA) 
(Figure 3-1). The sample peak can be integrated in the form of a histogram consisting of 
numerous individual slices. The peak area of each slice corresponds to the total weight of 
polymer chains having a specific range of molecular weight (i.e. NiMi where Mi and Ni 
refer to the molecular weight of the chain and number of molecules having that molecular 
weight respectively).  
 
Figure 3-1. Determination of molecular weight distribution of polymer samples using a 
standard calibration method. 
 
Key data of the polymer sample acquired from GPC include the peak molecular weight 
(Mp), number-average molecular weight (Mn) and weight-average molecular weight (Mw). 
Mp corresponds to the molecular weight of the highest peak, Mn refers to the statistical 
average molecular weight of all polymer chain in the sample whereas Mw takes into 
consideration the higher contribution of longer chains to the molecular weight. The 
equations are as follows: 
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𝑀𝑛 =  
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Where fi refers to the fraction of the polymer having weight Mi (fi = 
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) ; ∑ 𝑓𝑖 = 1  





A third parameter, polydispersity index (PDI), is defined as:  




PDI is related to the standard deviation, δ of the GPC curve as seen below:169 
Given 𝛿2 =  ∑(𝑀𝑖 − 𝑀𝑛)
2𝑓𝑖  , 
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2 + 1 
PDI thus serves as a measure of the width of the molecular weight distribution of the 
polymer. When Mw is equal to Mn, i.e. PDI is one, the polymer is monodispersed and all 
polymer chains are of equal lengths. Similarly, the larger the PDI is, the broader the 
molecular weight distribution. 
 
For the experiments, polymer solutions were prepared at a concentration of about 2 
mg/mL in HPLC-grade THF and filtered through a 0.22 μm polyvinylidene (PVDF) 
syringe filter prior to injection. An Alliance Waters 2690 HPLC (high-performance liquid 
chromatography)/GPC system or Alliance PL 200 system was used for measurements 
53 
 
under room temperature or at 160 °C respectively. HPLC-grade THF or 1,2,4-
trichlorobenzene was used as the eluent and calibration was carried out using PMMA as 
standards. 
 
3.1.2 UV-vis-NIR spectrophotometer 
A spectrophotometer is an instrument that serves to measure the intensity of light 
absorbed at specific wavelengths as it passes through a sample. A spectrophotometer is 
built up of two instruments – a spectrometer for the production of monochromatic light, 
and a photometer for the measurement of light intensity. The basic set-up of a dual-beam 
spectrophotometer consists of a light source, a diffraction grating, a wavelength slit, 
sample and reference cell compartments, a detector and a signal processor (Figure 3-2). 
When the light source strikes the diffraction grating, the beam of light is separated into its 
component wavelengths. Rotation of the diffraction grating allows monochromatic light 
(light of a specific, single wavelength) to pass through the wavelength slit which then hits 
the reference or sample alternatingly. The unabsorbed light passing through either the 
reference or sample reaches the detector, and the difference in intensity is measured. The 
signal is then processed and converted into digital data as well as graphical spectra. The 
most common light sources include deuterium and tungsten-halogen lamps for ultraviolet 
and visible-near infrared (NIR) regions respectively, whereas conventional detectors are 
the photomultiplier tube, InGaAs (indium gallium arsenide) and PbS (lead sulfide) 




Figure 3-2. Schematic illustration of the set-up and working principles of a dual-beam 
spectrophotometer. 
 
During spectrophotometric studies of samples, quantities typically in terms of 
transmittance or absorbance are obtained. Transmittance (T) refers to the ratio of the 
intensity of light that reaches the detector to the intensity of the incident light, i.e. 





Since the transmittance value is always less than 1, in common practice, it is often 
reported as percent transmittance (%T) in which, 
%𝑇 = 𝑇 × 100 
 
On the contrary, absorbance (A) refers to the amount of light radiation absorbed by the 
sample, and a logarithmic relationship holds between transmittance and absorbance: 
𝐴 =  − log10 𝑇 
 
Compared to percent transmittance, the absorbance is a more useful quantity as it is 
directly related to various key properties of the sample, such as the absorption/molar 
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extinction coefficient (ε) and concentration (c). The linear relationship is described by the 
Beer-Lambert law in the following equation, where l refers to the path length of the light:  
𝐴 =  𝜀𝑐𝑙 
 
The absorption coefficient is a measure of how strongly the sample absorbs light, and a 
sample that has a larger absorption coefficient will display a more intense absorption or 
color. As the absorbance is directly proportional to the amount of absorbing species in the 
sample (referred to as the concentration in solution samples), a linear relationship also 
holds true largely between the absorbance and film thickness in film samples. For more 
qualitative analysis, the absorbance spectra are also commonly normalized. 
 
A Shimadzu UV-3600 UV-vis-NIR spectrophotometer equipped with the software, 
UVProbe, was used throughout this work, for the UV-vis-NIR absorption measurements 
of the polymer solutions and thin films, as well as the electrochromic devices (ECDs). 
Polymer solutions are prepared as dilute solutions in chloroform (CF) or chlorobenzene 
(CB) while thin films are prepared by drop-casting on quartz substrates from the 
solutions. The steps for the fabrication of ECDs are provided in the following section. 
Critical information on the polymers obtained from UV-vis-NIR measurements (in 
nanometers (nm)) includes the absorption maximum (λmax) for color quantification, as 
well as the absorption onset (λonset) for the computation of optical band gap. The 
absorption onset is approximated by taking the point of intersection between two lines 
tangent to the slopes of the absorption and baseline as illustrated in Figure 3-3. The 
optical band gap, Egopt, is calculated from the spectrum of the polymer film and the 














Spectroelectrochemistry refers to a technique that is used to trace the optical and 
electronic changes in the polymer upon electrochemical doping/dedoping. The 
spectroelectrochemical graphs provide key information on the electronic states of the 
conducting polymer such as the intrinsic band gap and intraband electronic transitions by 
tracking the formation of polarons and bipolarons bands upon oxidation/reduction, as 
well as the operation potentials for the electrochromic devices.  
 
Spectroelectrochemical studies are performed using a UV-vis-NIR spectrophotometer as 
well as a potentiostat. Experimentally, baseline is first recorded with blank devices 
(without the polymer layer) placed at both the reference and sample cell compartments 
and held by double-sided tapes. Subsequently, the device at the sample cell compartment 
is replaced by the fabricated polymeric ECD and the electrode leads are attached. The 
working lead is connected to the polymer-coated ITO substrate whereas the shorted 
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counter and reference leads are connected to the second ITO substrate. In-situ 
measurements of the UV-vis-NIR spectra of the ECDs are recorded under step-wise 
increments in applied potentials which are controlled by a potentiostat. The ECD is 
biased at the respective potentials for a total duration of 100 s. Measurements of the 
spectra are started after a time lapse of 10 s to ensure that the doping processes have been 
carried out.  All spectra are typically recorded over the 320 – 1600 nm range at a 1 nm 
interval. 
 
An illustration of the typical spectroelectrochemical graph is given in Figure 3-4. For 
conjugated polymers, their neutral, colored states are translated to absorptions within the 
visible region. Upon electrochemical doping, the visible absorptions deplete with the 
concomitant formation of new absorption peaks in the NIR region due to the generation 
of polarons.141 In the given example, two peaks at around 800 and 1430 nm are observed 
which correspond to the two allowed transitions in the polaronic states of the polymers. 
Nonetheless, in cases where the bandgap of the allowed transition becomes too small, one 
or both of the generated polaron peaks may fall out of the wavelength range and will not 
be observed. Upon further bias, some of the polarons are converted into bipolarons as 
reflected from the decrease in absorption intensity at 800 nm and the creation of a broad 
absorption band peaking at approximately 1200 nm. Commonly present in 
spectroelectrochemical graphs are also isosbestic points (circled in red), which signifies 
the existence of two or more interconverting species.170, 171 For instance, the first 
isosbestic point at approximately 660 nm illustrates the co-existence of neutral polymer 
and polaronic species whereas the second isosbestic point at 900 nm corresponds to the 




Figure 3-4. Typical spectroelectrochemical graph of electrochromic polymer and 
assignments of absorptions. 
 
3.1.4 Potentiostat 
For electrochemical analysis of polymers, the methods employed can be grouped into two 
categories – galvanostatic or potentiostatic. Briefly, galvanostatic measurements make 
use of controlled current whereas in potentiostatic measurements, the potential is 
controlled. The hardware utilized for the control of the potential in an electrochemical 
cell is known as a potentiostat. As illustrated in Figure 3-5, the control amplifier serves to 
maintain the voltage difference between the working and reference electrodes as closely 
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as possible to the voltage of the user-defined input source, while the current flow between 
the working and counter electrodes is measured as an iR voltage drop over the resistor.  
 
Figure 3-5. Schematic representation of a potentiostat.172 
 
For all the electroanalytical experiments in this work, an Autolab PGSTAT128N 
potentiostat/galvanostat (Metrohm) was employed. The software used for the recording 
and analysis of data is NOVA (Version 1.10) from Metrohm Autolab. 
 
3.1.5 Cyclic voltammetry (CV)  
In a cyclic voltammetry experiment, the potential is varied in a triangular waveform and 
ramped linearly with respect to time between the defined upper and lower limits, while 
the current response is plotted as a function of applied potential. A current peak will be 
produced for each electroactive species when it is being oxidized or reduced. The typical 
cyclic voltammogram is a current vs. potential plot as shown in Figure 3-6. 
Electrochemical oxidation occurs during application of increasingly-positive potentials 
whereas the reverse process corresponds to electrochemical reduction. Critical 
information on the electroactive polymers that can be obtained from CV measurements 
includes the oxidation and reduction onsets (Eox,onset and Ered,onset) for the computation of 
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HOMO and LUMO energy levels respectively, which indicates the accessibility of the 
polymer towards oxidation/reduction. A shallower HOMO and deeper LUMO level 
facilitates oxidation and reduction respectively. Approximation of the oxidation and 
reduction onsets involves the determination of intersection point of the tangent lines 
between the baseline and the current signals as illustrated from the dotted lines. Moreover, 
the magnitude of the current for anodic and catholic processes (Ip,a and Ip,c) can be 
obtained, which can be used to gauge the extent of redox reversibility. For a highly 
reversible redox reaction, the ratio of the current is close to unity (Ip,a ~ Ip,c).  
 
Figure 3-6. Typical cyclic voltammogram and determination of key electrochemical 
parameters. 
 
The equations for HOMO and LUMO energy levels computation based on the oxidation 
and reduction onsets are as such:  
𝐻𝑂𝑀𝑂 =  −(𝐸𝑜𝑥,𝑜𝑛𝑠𝑒𝑡 𝑣𝑠 𝑓𝑒𝑟𝑟𝑜𝑐𝑒𝑛𝑒) − 4.8 𝑒𝑉 




A value of 4.8 is used in the equations as the reversible ferrocene/ferrocenium redox 
couple is taken to occur at -4.8 eV relative to the vacuum level.173 In most cases where 
reductive peaks are not clearly observed for conjugated polymers, the LUMO of the 
polymer is approximated from the optical band gap using the equation: 




For all the experiments, CV was performed with a three-electrode cell configuration in a 
MBraun LABmaster 130 glove box under inert atmosphere, to negate any effects arising 
from the presence of oxygen and moisture. A polymer-coated glass carbon electrode (3 
mm diameter), platinum (Pt) wire and silver (Ag) wire are employed as the working, 
counter and pseudo reference electrode respectively (CH instruments). An anhydrous 0.1 
M LiClO4/ACN electrolyte/solvent couple was used. The schematic of the 
electrochemical cell set-up is depicted in Figure 3-7. Polymer films on glass carbon 
electrodes are prepared by drop-casting 2 μL of stock polymer solutions at a 
concentration of 10 mg/mL in chlorobenzene or mixed chloroform:chlorobenzene. Fresh 
polymer films are each employed for oxidative and reductive CV scans. Calibration of 
the pseudo-reference Ag electrode was carried out after the CV measurements. This was 
done by dissolving ferrocene into the 0.1 M LiClO4/ACN electrolyte/solvent couple to 
form an approximately 5 mM solution. A CV scan was carried out between the potentials 
of 0.0 to 0.6 V to measure the E1/2 of the Fc/Fc+ redox couple. All measurements are 




Figure 3-7. Schematic illustration of the experimental set-up employed for three-
electrode cyclic voltammetry studies.174 
 
3.1.6 Chronoamperometry/chronocoulometry 
In a chronoamperometry/chronocoulometry experiment, a potentiostat is again employed. 
The potential applied to the working electrode is stepped and the resulting current/charge 
occurring at the electrode is monitored as a function of time. The total charge consumed 
within a time range is computed from the integration of the current-time graph using the 
NOVA software. For electrochromic performance studies, the total charge consumed is 
necessary for the estimation of coloration efficiency, which will be described in further 
details under Section 3.3.3. An example of the applied potential waveform and the 
resulting current/charge plots over three redox cycles are shown in Figure 3-8. The 
parameters that can be user-defined include the magnitude of the potentials as well as the 
step time (duration in which the potentials are applied), which are dependent on the 
electrochromic behavior of the polymer of interest. The current response to the applied 
potentials generally exists as a spike followed by an exponential decay form as the 
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electrochemical reaction occurs rapidly at the electrode surface followed by time-
dependent diffusion of charges across the bulk of the polymer film. 
 
Figure 3-8. Current-time/charge-time responses upon stepped potentials over 3 repeated 
cycles during chronoamperometry/chronocoulometry experiments. 
 
In this work, all chronoamperometry/chronocoulometry measurements on the ECDs are 
coupled with the recording of the transmittance-time profiles using the spectrophotometer. 
A two-electrode cell configuration is utilized with the counter and reference electrodes 
shorted. The polymer-coated ITO substrate acts as the working electrode whereas the 
second ITO substrate acts as the counter-reference electrode. 
 
3.1.7 Colorimetry 
Unlike spectroscopy, colorimetry emulates how the human eye perceives light and color, 
and provides numerical quantification to a color in terms of hue, saturation and 
luminance.175 The human eye contains three cone cells, namely the short (S), medium (M) 
and long (L) cone cells. These cells have different spectral sensitivities, with peak 
64 
 
sensitivity in the range of 420 – 440 (blue), 534 – 545 (green) and 564 – 580 nm (red) 
respectively (Figure 3-9), giving rise to the trichromatic vision in humans. Any color 
perceived by the human eye can thus be specified using three values known as the 
tristimulus values (X, Y and Z).  
 
Figure 3-9. Normalized spectral sensitivities of human cone cells.176 
 
The color observed by the human eye is dependent on three separate factors: the light 
source, the observer, as well as the object of interest. Examples of different light sources 
include, for example, outdoor daylight (D65), fluorescence light (F2) and incandescent 
light (A) which possess different spectral power distribution (power per unit area per unit 
wavelength). For the observer, the color sensitivity of the eye changes with respect to the 
angle of view. Compared to a 2° field of view, a 10° field of view at the same distance 
away will correspond to a larger observed area. At different viewing angles, the spectral 
sensitivity of the observer across different wavelength regions varies. The x̅ , y̅  and z̅ 
values, which are constants, correspond to the mean sensitivity of the average human eye 
in the red, green and blue regions respectively and these functions are referred to as the 




Figure 3-10. CIE 2° and 10° standard observers.177 
 
The X, Y and Z tristimulus values are then calculated by simply integrating the product 
of reflectance/transmittance of the object (𝑅(𝜆)), the relative spectral power distribution 
of the illuminant (𝑆(𝜆)), and the factor of the standard observer (?̅?(𝜆) or  ?̅?(𝜆) or 𝑧̅(𝜆)) 
over the visible spectral range according to the following equations: 



















Among the various color scales, the most widely used is the CIE 1976 L*a*b* color 
space, developed by The International Commission on Illumination (Commission 
international de I’éclairage, abbreviated CIE).178 In the CIE 1976 L*a*b* color space, the 
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L dimension defines lightness whereas the a and b dimensions refer to the opponent-color 
scales. The L* value can range from 0 to 100, with 0 corresponding to the darkest black 
and 100 to the brightest white. The red/green opponent colors are represented by a* value, 
where positive and negative a* values measure redness and greenness respectively. On 
the other hand, the b* value represents the yellow/blue opponent colors, with positive and 
negative b* values measuring yellowness and blueness respectively. An artistic 
representation of the CIE L*a*b* color space is shown in Figure 3-11. 
 
Figure 3-11. 3D L*a*b* color space.175 
 
From the obtained X, Y and Z tristimulus values, conversion to L*a*b* values can be 
conveniently carried out according to the following equations, where Xn, Yn and Zn are 
the tristimulus values of the white light source: 



































For the colorimetric analysis in this work, a Hunterlab ColorQuest XE was employed for 
measurements of the CIE L*,a*,b* values of ECDs and all values are reported under 
outdoor daylight illumination (65/10°).  
 
3.1.8 Optical microscopy 
Optical microscopy, as the name suggests, is a technique that utilizes visible light to 
magnify and record two-dimensional images of samples. The captured images are termed 
as micrographs. In an optical microscope, the convergence properties of light going 
through curved pieces of glass lens are utilized, as illustrated in Figure 3-12. Briefly, light 
from a light source is first focused by a condenser into a tiny spot and is used to 
illuminate the desired area of the sample which is placed on the sample stage.  The image 
of the sample is then magnified by an objective lens. In a typical optical microscope, 
there are at least three objective lenses with different magnification and numerical 
aperture, which can be individually selected. Common magnifications include 4x, 10x, 
40x and 100x. Subsequently, the magnified image undergoes further magnification as it 
passes through the ocular lens of the eyepiece into the viewer’s eyes. As such, the total 





Figure 3-12. Schematic illustration of the parts and optics diagram of an optical 
microscope. 
 
The resolution, R, of any microscopic technique describes the ability of the system to 
distinguish and resolve details, and corresponds to the minimum distance between two 
resolvable points in the image. While the total magnification depends on both the 
objective and ocular lens as stated previously, the resolution of an optical microscope is 
solely dependent on the objective lens and is related to the numerical aperture, NA, which 
measures the extent at which light that passes through the sample is spread and collected 
by the objective lens, as well as the wavelength of the illumination source, λ. The 
equation for the calculation of resolution is given as such: 




where 𝑁𝐴 = 𝑛 sin 𝛼; 
n is the refractive index of the medium between the object and the lens;  
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and α is the half-angle of the cone of light that enters the lens 
 
As seen from the above equation, the resolving power of an optical microscope is limited 
by the wavelength of visible light, and typically falls within the range of 0.2 μm to 1 mm. 
While it is suited to study larger microscopic features, optical microscopy is unable to 
resolve finer features.  
 
In this work, a Leica ICC50 HD microscope (Leica Microsystems) and equipped Leica 
Application Suite software was employed for the optical imaging of the polymer films, 
which were deposited on ITO-coated glass substrates. 
 
3.1.9 Atomic force microscopy (AFM) 
Atomic force microscopy involves the mapping of surface properties such as height using 
a probe, at high resolution up to the nanometer range. Briefly, AFM works by scanning a 
very sharp tip that is integrated to a cantilever, usually made of silicon or silicon nitride, 
along the surface of the sample and observing the interactions between the tip and surface. 
As the tip gradually approaches the surface, the attractive forces lead to the deflection of 
the cantilever towards the surface. However, when the cantilever becomes too close to 
the surface, repulsive forces become dominant and the tip retracts (Figure 3-13a). 
Therefore, the variations in raised and lowered features along the surface cause 
differences in the magnitude and direction of deflection of the cantilever. Throughout the 
scan, the laser beam is directed towards the back of the tip of the cantilever and in turn, 
reflected onto a position-sensitive photodetector. The changes in the angular deflections 
of the cantilever will cause the reflected laser beam to hit different positions of the 
photodetector (Figure 3-13b). As such, by monitoring the laser spots, the vertical and 
lateral movements of the cantilever and thus an accurate mapping of the three-
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dimensional topography and morphology of the surface can be achieved. Typical two- 
(2D) and three-dimensional (3D) micrographs of the surface morphology of a polymer 
film are given in Figures 3-13c and 3-13d. 
 
Figure 3-13. (a) Repulsive and attractive force regimes as a function of distance between 
tip and sample. (b) Schematic illustration of AFM operation. (c) Typical 2D and (d) 3D 
AFM micrographs of polymer film. 
 
 
Several modes of operation exist for AFM, and these include contact mode, non-contact 
mode and tapping mode. In contact mode, the tip is in direct contact with the sample and 
thus both tip and sample degradation poses as a common problem. Nonetheless, because 
of the close contact between the tip and the surface, fast scanning and high resolution can 
be achieved. In contrast, while disadvantages such as sample damage are excluded during 
a non-contact mode of operation, the accuracy and resolution are limited. In most cases, 
the tapping mode is employed in which the cantilever is oscillated vertically and the tip 
comes into light intermittent contact with the surface. This not only allows high 
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resolution imaging, but also prevents destructive frictional forces on the surface and 
damage to the sample. 
 
In this work, a Bruker Dimension IconTM or Veeco Dimension 3100 atomic force 
microscope was employed. The images were recorded under the tapping mode. 
Processing of the images was carried out on the NanoScope Analysis software. 
 
3.1.10 X-ray diffraction (XRD) 
X-ray diffraction is a common technique employed for the measurement of the solid-state 
physical arrangement of a polymer, to deduce whether it is amorphous (atoms are 
randomly arranged), semi-crystalline or crystalline (atoms are in an ordered, regular 
array). The extent of crystallinity of a polymer depends on how well the polymer chains 
pack in the solid state, for instance, a high degree of chain folding or chain alignment in 
the polymer through strong intermolecular interactions will usually result in higher 
crystallinity of the sample. 
 
X-ray diffraction involves the radiation of a monochromatic X-ray on the polymer sample 
over a wide range of angles as the sample and detector are rotated at a fixed rate. As 
illustrated in Figure 3-14a, assuming two parallel incident rays with wavelength λ hit the 
planes of a crystalline polymer sample composed with atoms arranged in a regular pattern 
with inter-planar spacing of d at an incident angle of θ, the X-rays will be reflected at a 
maximum intensity during instances when constructive interferences occur (i.e. the 
different in path lengths of the X-rays are in integral values) according to Bragg’s law 
with the equation:  




For a highly crystalline polymer, the characteristic sharp and well-defined diffraction 
peaks will be revealed in a XRD spectrum (Figure 3-14b) which plots the intensity 
against the diffraction 2θ angle (measured between the incident X-ray and detector) 
(Figure 3-14a). From the peak positions, the inter-planar spacings can be easily calculated 
and they provide information on how well or how closely the polymer chains pack. On 
the contrary, an amorphous polymer does not possess long-range structural order and 
hence, a diffraction pattern is not observed. Instead, a broad, featureless band is 
commonly revealed (Figure 3-14b). For most conjugated polymers, both crystalline and 
amorphous regions are present (Figure 3-14c). 
 
Figure 3-14. (a) Schematic representation of the X-ray diffraction process. (b) XRD 
spectrums of crystalline and amorphous polymer sample. (c) Pictorial illustration of 
polymer chain packing in a typical conjugated polymer thin film. 
 
In this work, a Bruker D8 General Area Detector Diffraction System was employed and 





3.1.11 Surface profilometry 
Coupled with high precision, fast speed and ease of use, a surface profiler is a common 
instrument employed for surface metrology measurements especially step height and 
roughness analysis. Surface profilers are generally categorized into two types: non-
contact and contact. For non-contact profilometers, a light beam is utilized to hit the 
desired surface and a reference material. Constructive and destructive interferences of 
light waves result in interference fringes, and the variations in height between the 
references and test samples can be calculated from the differences in optical paths. On the 
other hand, contact profilometers employ a stylus directly in contact with the sample, and 
the stylus is moved along the lateral direction over a user-defined distance at a controlled 
speed and force. The stylus, often made of diamond, is attached to one end of the 
cantilever, and a parallel plate capacitor acts as the displacement sensor. The up-and-
down movements of the stylus as it tracks along the surface cause the cantilever to move 
between the capacitive plates, resulting in changes in the measured voltage which is 
directly related to the surface height. The recorded electric signals are subsequently 
converted into an image – a height plot and displayed.  
 
By scanning the stylus across the polymer-coated and bare regions of the ITO substrate, 
the vertical displacement is taken to be the thickness of the polymer film. The illustration 
of a surface profilometry scan and the resulting height plot is shown in Figure 3-15. 




Figure 3-15. Schematic illustration of contact surface profilometer in operation and 
generated height profile for polymer film thickness measurement. 
 
In this work, measurements of the polymer film thickness were carried out using a KLA 
Tencor P16 or Alpha-Step D-120 surface profiler, with a stylus force of 2 mg and 
scanning speed of 20 μm/s. For each film, three separate thicknesses were measured at 
three random points. The average value was calculated and reported. 
 
3.2 Device fabrication 
ITO/glass (15 Ω/sq, 35 × 30 × 1.1 mm) substrates were purchased from Xinyan 
Technology Ltd. To clean the substrates prior to use, the ITO/glass were subjected to 
successive sonication in acetone, isopropyl alcohol and DI water for a duration of 15 
minutes each, and subsequently blown dry using nitrogen gas. The polymers were 
dissolved in common organic solvents such as chlorobenzene or mixed 
chloroform:chlorobenzene to a concentration of around 10-15 mg/mL. The prepared 
polymer solutions were filtered through either 0.22 or 0.45 μm PVDF syringe filter prior 
to use and electrochromic polymer layers are deposited either through spin-coating using 
a Laurell WS-400-LITE spin-coater or spray-casting with a commercial airbrush 
(airbrush.sg) at 12 psi. Judicious selection of the solvent and concentration is necessary to 
achieve polymer films with desired physical properties. For instance, the addition of 
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chloroform into the solvent allows more rapid evaporation during spin-coating due to the 
lower boiling point of chloroform with respect to chlorobenzene. As such, films with 
larger thickness can be obtained. The same effect can also be achieved with increasing 
polymer concentration and slower spin-coating speed.  
 
After deposition of the polymer layer, the excessive polymer edges were removed by 
swabbing with a cotton bud that has been wet by chloroform to obtain an active area of 2 
× 2 cm2. On another piece of substrate, a 2 × 2 cm2 area was blocked out using parafilm. 
For the parafilm spacer, the total thickness was kept at 0.01”. 250 μL of the gel 
electrolyte (composition: 0.512 g of lithium perchlorate (LiClO4) and 2.8 g of 
poly(methyl methacrylate) (PMMA) (MW = 120 000 g/mol) in 6.65 ml of propylene 
carbonate (PC) and 28 ml of dry acetonitrile (ACN)) was pipetted within the blocked-out 
area and left to dry under ambient conditions for 5 minutes. The thickness of the gel 
electrolyte is controlled by the parafilm spacer layer. The device was then fabricated by 
sandwiching the two substrates together with the polymer film and gel electrolyte in 
contact. The device was secured using parafilm. The materials required for the fabrication 
of ECDs as well as the illustrations of the process and device structures are provided in 








Figure 3-17. Schematic illustration of the fabrication process and device structure of 




3.3 Device performance parameters 
To characterize the performance of an electrochromic device, several parameters are 
necessary. These key parameters include optical/photopic contrast, switching time, 
coloration efficiency as well as long-term stability. For all measurements on the ECDs, a 
two-configuration is employed as seen in Figure 3-17. The polymer-coated ITO/glass 
substrate is connected to the working electrode, whereas the counter and reference 
electrodes are shorted and connected to the counter ITO/glass substrate. The changes in 
percent transmittance (%T) of the ECDs are monitored as a function of time while the 
ECDs are subjected to redox cycling under potential bias. 
 
3.3.1 Optical and photopic contrast 
As one of the most fundamental parameters of an electrochromic polymer, the optical 
contrast evaluates the degree of optical change in the material between the fully oxidized 
and fully reduced states. To determine the optical contrast, chronoabsorptometry is 
carried out on the ECDs in which the changes in transmittance are monitored as a 
function of time while stepped potentials are being applied to the devices. It is often 
reported as the absolute difference in the percent transmittance (Δ%T) at a specific 
wavelength in which the optical contrast is the highest as illustrated in Figure 3-18, where: 
∆%𝑇 =  𝑇𝑜𝑥 − 𝑇𝑟𝑒𝑑 
 
Usually, the wavelengths at which absorption maxima occur for the polymer in the 
visible and NIR regions are chosen for device performance studies. As the optical 
contrast is highly dependent on the wavelength probed in addition to the magnitude of 




In certain scenarios such as when the polymer is broadly absorbing, it is more meaningful 
to measure the contrast across a wavelength range rather than a single wavelength, known 
as the photopic contrast.179 The photopic contrast is typically evaluated using a 
colorimeter to account for the sensitivity of the eye, across the entire wavelength range of 
the visible spectrum, for instance, between 400 – 700 nm. It is given by the difference in 
transmittance integrated over the wavelength range between the oxidized and reduced 
states.  
 
3.3.2 Switching time 
While there exists several definitions to the switching speeds of an electrochromic 
polymer, the switching time in this work represents the time required for the 
electrochrome to reach 95% of the full optical contrast upon coloration (coloration time, 
τc) or bleaching (bleaching time, τb) (Figure 3-18). Coloration corresponds to the process 
whereby the polymer changes from a state with higher transmittance level to a state with 
lower transmittance level whereas bleaching refers to the opposite process. Even though 
reports based on 75 or 90% of the total transmittance changes are not uncommon, a value 
of 95% is typically chosen as the human eye cannot detect the remaining 5% color 
change.17 The switching speed requirement for an electrochromic device depends highly 
on its intended application. For instance, while rapid response time is necessary for 




Figure 3-18. Determination of optical contrast and switching times from the 
transmittance-time profiles of electrochromic devices. 
 
3.3.3 Coloration efficiency 
The coloration efficiency (CE) is used to assess the power requirements of the 
electrochrome and is defined as the change in optical density per unit of charge 









where Tox and Tred refer to the percent transmittance of the bleached and colored states 
respectively (%), q corresponds to the charge injected/ejected in Coulombs (C), and A the 
active electrochromic area in cm2, which is kept consistent at 4 cm2 for all ECDs in this 




The charge injected/ejected is read off from the charge-time profile obtained from 
chronoamperometric/chronocoulometric measurements as described in Section 3.1.6., at 
𝑡 =  τ𝑐. A higher CE value is beneficial as it signifies high electrochromic change upon a 
small amount of charge and thus, lower power consumption for device operation. 
 
3.3.4 Cycle life 
The stability of an ECD evaluates the electrochemical stability of the electrochromic 
polymer and is determined by measuring the change in optical contrast at a specific 
wavelength upon repeated redox cycling. The stability is the most challenging parameter 
to compare across various research laboratories as different groups have slightly different 
definitions and employ different device components. Factors such as applied potentials 
and switching durations will also significantly impact the redox cyclability of the 
polymers. Thus, such parameters have to be reported. One common approach for stability 
measurement is to record the number of redox cycles that the ECD can sustain before a 
certain percentage drop in optical contrast.  In this study, it is defined as the percentage of 
initial optical contrast sustained over repeated deep potential steps. Besides the extent of 
decrease in optical contrast, the rate of loss is also analyzed. The rate of electrochemical 
degradation of the electrochromic polymer is assessed by plotting the degradation profile 
(percent of initial optical contrast) over repeated cycling. Figure 3-19 illustrates the 





Figure 3-19. Illustration of (a) switching cycles and (b) degradation profile of a typical 
electrochromic device over 1000 redox cycles. 
 
3.4 List of polymers studied 
For this thesis, four series of novel diketopyrrolopyrrole (DPP)-based donor-acceptor (D–
A) type polymers were synthesized, investigated and optimized for their electrochromic 
properties. The synthesis was carried out by lab members Dr. Shi Zugui, Ms. Cho Ching 
Mui and Mr. Low Zhaozhi, Jonathan. While DPP (flanked by thiophene units) was 
employed as the primary acceptor unit in all the prepared polymers, other components 
such as the donor moieties, donor-acceptor ratio, side chains and molecular weight were 
systematically varied. For ease of reference, the chemical structures of all the polymers 
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studied in this work are shown in Figure 3-20. The detailed synthetic procedures and 
characterization of the polymers (P1-P2, P4-P10) can be retrieved from the published 
works.181-183 Synthetic details for P3 and P3a are given in the paragraph below. A 
tabulated summary of the molecular weights, optical and electrochemical properties of 
the polymers is given in Table 3-1. 
 
The first series comprises of P1 and P2, with 3,4-ethylenedioxythiophene (EDOT) and 
DPP employed as the major donor and acceptor respectively. The difference lies in the 
identity of the solubilizing alkyl side chains attached on the nitrogen position of the DPP 
unit. Branched carbon chains with different lengths were utilized. For P2, longer alkyl 
chains (each differing by two carbons) were used. 
 
The second series (P3 and P3a) is obtained from the copolymerization of electron-
accepting DPP and electron-donating thienothiophene (TT). The molecular weight of the 
polymers is controlled by varying the catalyst system 
(tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4) for P3 and 
bis(triphenylphosphine)palladium(II) dichloride (PdCl2(PPh3)2) for P3a) employed for 
the polymerization process. The catalyst (0.005 mmol), 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (monomer 1c) (0.1 
mmol) and 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (monomer 4) (0.1 mmol) (see 
Scheme 4-1) were dissolved in degassed dry toluene under nitrogen protection. The 
reaction was sealed, stirred and heated at 110 °C for 48 h. The hot polymer solution was 
precipitated into methanol and stirred overnight. The black solid polymer was collected 
by filtration, followed by successive Soxhlet extraction with methanol, ethyl acetate, 
hexane and chloroform. The chloroform portion was then concentrated to a few millilitres 
and precipitated into methanol. After filtration and drying in a vacuum oven, pure 
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polymers were obtained. In comparison to P3a, P3 possesses peak, number-average and 
weight-average molecular weights that are 2.7, 1.3 and 1.5 times larger respectively. 
 
In the third series, P4-P7, the chemical composition consists of DPP as the acceptor 
moiety, 3,4-propylenedioxythiophene (ProDOT) as the major donor, and electron-
donating TT as the linker between the donor and acceptor units. Random polymers with 
varying donor-to-acceptor ratios were synthesized by varying the feed ratios of the 
respective monomers. 
 
For the last series, P8-P10, a four-component system was employed. Compared to the 
third series, an additional donor moiety (3,4-dialkoxythiophene (DalkOT)) was 
incorporated. While the quantitative content of DPP was kept constant for the three 
polymers, the ratios between ProDOT and DalkOT were methodically varied. 
 
Figure 3-20. Chemical structures of DPP-based polymers studied in this work. 
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Solution Film Solution Film 
P1 6.6 10.4 1.58 439, 888, 948 437, 834 1024 1043 1.19 0.24 -5.04 -3.85 
P2 6.9 12.5 1.80 438, 888, 944 436, 826 1025 1040 1.19 0.29 -5.09 -3.90 
P3 31 186 6.01 424, 749 (sh), 825 426, 744, 821 899 916 1.35 0.39 -5.19 -3.84 
P3a 24 126 5.30 431, 810 435, 885 938 1022 1.21 0.40 -5.20 -3.99 
P4 54 140 2.59 560 (sh), 712 (sh), 772 567 (sh), 720, 772 (sh) 881 908 1.37 0.23 -5.03 -3.66 
P5 29 79 2.72 567 (sh), 712, 758 571, 710, 766 (sh) 874 889 1.39 0.18 -4.98 -3.59 
P6 23 50 2.17 560, 697, 754 (sh) 560, 699, 757 (sh) 853 873 1.42 0.15 -4.95 -3.53 
P7 14 25 1.79 544, 682 (sh), 750 (sh) 547, 692 (sh), 755 (sh) 831 845 1.47 0.14 -4.94 -3.47 
P8 69 115 1.66 
463, 708, 774 (sh) 462, 712, 784 (sh) 
860 872 1.42 0.26 -5.06 -3.64 
P9 77 133 1.72 
494, 718, 770 (sh) 501, 720, 777 (sh) 
867 883 1.40 0.18 -4.98 -3.58 
P10 74 125 1.68 
500, 714, 770 (sh) 504, 720, 777 (sh) 
863 883 1.40 0.21 -5.01 -3.61 
a Number-average molecular weight. b Weight-average molecular weight. c Eg
opt = 1240/λonset,film. d Values are calculated vs ferrocene. e EHOMO = -(Eonset,ox vs 








CHAPTER 4 NOVEL DIKETOPYRROLOPYRROLE (DPP)-
BASED POLYMERS AND COLOR TUNING BY SPECTRAL 
MANIPULATION 
4.1 Introduction 
Mankind has always been fascinated and intrigued by colors. The generation of polymers 
with a full color palette represented a key milestone in EC research.164 Beyond the basic 
achieved hues, the ability to fine-tune the colors to reveal different shades is also desired. 
Guidelines depicting color control of the polymers through synthetic strategies will 
therefore be particularly useful to chemists. Due to the complexity of employing a huge 
range of materials with different colors in a single device (e.g. displays), such as the need 
for matching of and compatible processing techniques and operating conditions, a single 
platform (with its closely-related derivatives) that can cover as broad the color gamut as 
possible is favored.87 Moreover, bulk synthesis and device production can be more 
conveniently and cost-effectively scaled-up.  
 
Besides those of vibrant hues, polymers that are black have great importance as well. 
They can be applied for a myriad of uses such as in smart windows and mirrors, 
electronic displays (e.g. electronic papers, tags and signages), as well as in wearables (e.g. 
ophthalmic lenses). The requirement of full absorption of light across the entire visible 
spectrum has lamentably caused black polymers to remain elusive in the earlier stages of 
EC research. Ingenious approaches that make use of the subtractive color mixing 
property of polymers, in which the resulting absorption profile is the additive 
combination of individual sets of absorptions, have recently been successfully carried out. 
These methods are largely categorized into two groups – physical and chemical. The 
former typically involves blending184, 185 (physical mixture of two or more polymers) or 
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stacking77, 184, 186, 187 (applying of two or more polymer layers), while the latter adopts 
copolymerization as a synthetic strategy where two or more chromophores are introduced 
into the polymer composition.81-86 Several black polymers obtained through 
copolymerization have been reported, and the majority of them encompasses the donor-
acceptor (D–A) system. With the conjugated backbone built up of alternating donor and 
acceptor units, the D–A strategy is especially efficient for the production of polymers 
with broad, dual absorption bands covering both the high- and low-energy ends of the 
visible spectrum. Unfortunately, while numerous known attempts have been made, few 
polymers are actually ‘true’ black as the definition of black according to the CIE LAB 
color space is represented by the values of 0 for both the a* and b* channels. 
 
As discussed in Chapter 2, diketopyrrolopyrrole (DPP) is a promising electron-accepting 
building block for the synthesis of D–A polymers for use in organic electronics, due to its 
intrinsic electron-deficient character, high backbone planarity and ability to form strong 
π-π interactions with neighboring units for efficient charge transport.152, 188, 189 Despite its 
potential, it remains relatively uninvestigated in the field of electrochromics. This chapter 
details the investigation of novel DPP-based polymers as the basic platform for the 
generation of a wide color range. The ability for color modification and predictive 
spectral-tuning through structural alterations on the polymers is explored. Production of 
neutral-state black polymers is also attempted. 
 
4.2 Principles of synthesis 
In this chapter, novel D–A type conjugated polymers employing thiophene-based 
derivatives and DPP unit as the donor and acceptor moieties respectively were 
synthesized and studied. Stille coupling was chosen as the approach for the synthesis of 
the polymers to produce resulting polymers with high chain linearity and minimal 
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branching defects. Briefly, this method works as the new carbon-carbon bonds are 
assumed to form only between stannanes (tin (Sn) compounds) and halides (bromide in 
this case) under a perfect scenario (Figure 4-1a), even though homocoupling defects have 
been shown to occur.190, 191 To optimize the synthetic conditions and yields, an equivalent 
molar amount of di-tin and di-bromide species are usually fed into the reaction mixture. 
In the event where only one of each of di-tin and di-bromide species is used (for instance 
units A and B in Figure 4-1b), the resulting polymer will theoretically be of a 
structurally-alternating system. However, in the scenario where more than one of each 
species are present (for instance, two di-bromide species (Units B and C)), the species 
cannot be completely differentiated during the coupling reaction. Henceforth, polymers 
with random arrangement of the species are yielded as illustrated in Figure 4-1b. The 
probability of finding any type of species at any particular point of the polymer chain 
corresponds largely to their mole fractions in the feed.  
 
 
Figure 4-1. (a) General representation of carbon-carbon bond formation in Stille coupling 
reaction and (b) illustration of chemical structures of the resulting polymers depending on 
the monomer feeds. 
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The monomers employed and synthetic routes leading to polymers P1-P7 are outlined in 
Scheme 4-1. For the synthesis of P1 and P2, monomers 1a/1b and 2 with equivalent 
molar ratios were used. Polymer P3 was prepared by copolymerizing monomers 1c and 4 
in equal molar amount. Polymers P4-P7 with different donor-to-acceptor ratios are 
synthesized from three monomeric species – monomers 1c, 3 and 4. The quantity of the 
di-stannylated unit, 4, is kept constant whereas the feed ratios of the di-brominated 
species, 1c and 3 are varied according to Scheme 4-1.  
Scheme 4-1. Synthetic route leading to polymers P1-P7. 
89 
 
4.3 Around the color wheel: transitioning between shades of green, blue and 
magenta 
4.3.1 Optical and colorimetric properties 
The normalized UV-vis-NIR absorption spectra of the polymers P1-P7 in their solution 
states and as thin films are presented in Figure 4-2. While the general shape of the 
absorptions of the polymers remain highly comparable between their solution and solid 
forms, differences still exist. Major changes in the absorption profiles of the polymers in 
the thin-film states include the broadening of the spectra, and bathochromic shifts in both 
the absorption maxima and onsets. This is likely to have arisen from the enhanced 
intermolecular interaction and packing of the polymer chains in the solid state.  









































































Figure 4-2. Normalized UV-vis-NIR absorption spectra of P1-P7 (a) in dilute 
chlorobenzene and (b) as thin films.  
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Evidently, all polymers P1-P7 reveal dual absorption bands which are characteristic of 
D–A type polymers. Nonetheless, the positions, bandwidths and relative intensities of the 
absorptions are drastically different. The direct relationship of the spectral shapes and 
profiles on the resulting perceived hues of the polymers is analyzed here. Further 
discussion on the role of donors and donor-acceptor ratio within the chemical makeup in 
the control of the optical and electrochemical properties will be covered in the subsequent 
subsections. As the polymers are operated in their solid states in the electrochromic 
devices, discussion on the absorption behavior and colors of the polymers in this 
subsection is based on the properties of the films. The photographs and colorimetric 
values of P1-P7 thin films are illustrated in Figure 4-3.  
 
Figure 4-3. Colors and L*a*b colorimetric values of P1-P7 thin films. 
 
Looking first at P1 and P2, they reveal highly similar absorption profiles as the slight 
variations in side chains lengths are expected to not have a significant influence on the 
molecular energies and extent of interaction between the constituting units (Figure 4-2b). 
The major absorption band is situated at the longer-wavelength (lower-energy) 
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wavelength region and centered at around 850 nm, which is invisible to the human eye. 
Nonetheless, the huge bandwidth allows the absorption to tail into the red-wavelength 
end of the visible spectrum. A second absorption band, which exhibits an absorption 
intensity that is approximately four times weaker than the major band, occurs in the 
shorter-wavelength (higher-energy) region spanning across 350 – 500 nm. Due to the 
strategic absorption of light in both the blue and red wavelengths, polymers P1 and P2 
reveal similar green hues as depicted by the photographs in Figure 4-3 and measured 
negative a* values (-14 and -12 respectively). In line with the negligible differences in 
absorption spectra between the two polymers, the colorimetric values recorded for P1 and 
P2 are highly similar.  
 
In polymer P3, considerable disparity against the absorption profiles of P1 and P2 was 
observed when the major donor moiety was varied. Two of the apparent dissimilarities 
are: narrowing of the absorption band as well as hypsochromic shifts in the absorption 
maxima, with the major peak occurring at around 825 nm (Figure 4-2). A large part of the 
absorption of P3 covers the NIR region, while absorptions in the visible region are 
mostly concentrated around 350 – 500 nm (weaker) and 600 – 750 nm (stronger). The 
absorption of both the blue and red wavelengths renders a green perceived hue in P3. 
Unlike P1 and P2, the increased extent of red wavelength absorption in P3 may have 
resulted in the polymer reflecting a lesser degree of red tone. This is translated to a 
slightly more negative a* value (-15) in P3 (Figure 4-3). 
 
For P4-P7, while each of the polymers reveals dual absorption bands with maxima 
around 560 and 700 – 750 nm, the differences in the bandwidths and intensities of the 
absorptions give rise to discernible changes in the perceived hues (Figure 4-2). Looking 
at the spectrum within the visible light wavelength region from approximately 400 – 750 
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nm, polymer P4 reveals a broad absorption covering almost the entire range with only a 
major void between 350 – 500 nm. The lack of absorption of blue light is thus anticipated 
to cause the polymer to generate a blue hue. Going from P4 to P6, the wavelengths 
corresponding to red light (650 – 750 nm) become less absorbed at a greater degree 
compared to the slight increase in absorption at 550 nm. As the lack of absorption leads 
to more of the hue being reflected to the human’s eyes, the polymers are predicted to 
develop more purple tones. Finally coming to P7, it reveals huge absorption voids below 
450 nm and above 650 nm, with the main absorption occurring at around 550 nm which 
corresponds to green light. Based on the color wheel model, P7 is expected to reveal the 
complementary purple hue. Indeed, the colorimetric analysis of polymer films of P4-P7 
shows a systematic trend as illustrated in Figure 4-3. Going across P4 to P7, the b* value 
remain relatively constant while the a* coordinate is observed to move further away from 
the origin (-1 to 3 to 10 to 22). The increase in the magnitude of a* (red tone) causes the 
apparent hues of the polymers to transit from blue to purple across different shades. 
Polymer P7 is characterized by large positive a* and negative b* values, which 
corresponds to deep red and blue hues respectively. The perceived hue is thus a deep 
purple, which is consistent with the theory for subtractive color mixing. Such results 
conclude that the neutral-state hues of any polymer are greatly controlled by the position 
and intensity of the optical absorptions at every single wavelength within the visible 
spectrum, and the magnitude of the optical bandgap is definitely not the sole 
determinant.192 
 
4.3.2 Role of identity and quantity of donor in controlling the position and 
bandwidth of short-wavelength absorption 
The origin of the dual absorption bands in D–A polymers has been under considerable 
debate and to-date, it is still not fully understood.192 In general, it is widely accepted that 
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D–A polymers possess distinct frontier orbitals with the HOMO and LUMO centered 
mainly on the donor and acceptor moieties respectively.193 The higher-energy (shorter-
wavelength) absorption is ascribed to the localized π-π* transition between the donor 
units whereas the lower-energy (longer-wavelength) absorption is assigned to the charge 
transfer between the donor and acceptor moieties. In this subsection, analysis is carried 
out on the role of donor units in terms of electron-donating ability and constituting 
quantity/arrangement in influencing the absorption behavior of the polymers. 
 
Taking a closer look at P1, P2 and P3, the key difference in their chemical composition is 
the identity of the donor unit. For P1 and P2, 3,4-ethylenedioxythiophene (EDOT) is 
employed. On the contrary, thienothiophene (TT) is utilized in P3. The presence of two 
electron-rich oxygen atoms attached to the thiophene ring in EDOT is reasoned to impart 
stronger electron-donating ability in EDOT compared to TT. Given the higher donating 
strength of EDOT, the HOMO of EDOT is expected to lie at a shallower level compared 
to that of TT. The coupling of EDOT with the electron-accepting DPP-based moiety 
hence results in much lowered bandgaps of P1 and P2. This is in line with the observed 
spectroscopic data in which the broadened absorptions of P1 and P2 show bathochromic 
shifts with respect to that of P3. Hence, between a strong and weak donor, the former is 
expected to yield a polymer with lower bandgap, red-shifted and broadened absorption 
when coupled with the same acceptor unit.  
 
In terms of the quantity of different types of donor present in the chemical makeup, it is 
worth noting at this point that polymers P4-P7 possess a larger variety of donor moieties 
compared to polymers P1-P3. As each heterocyclic unit should theoretically be able to 
only interact with a limited number of neighboring units following the idea of effective 
conjugation,194 the addition of more monomers within a conjugated backbone creates a 
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larger set of distinct conjugated segments. As an illustration, the only possible donor-
donor conjugated chain present in series P1-P2 and P3 is thiophene-EDOT-thiophene 
(Figure 4-4a) and thiophene-TT-thiophene (Figure 4-4b) respectively; whereas for P4-P7, 
three probable segments exist (Figures 4-4b to 4-4d). This representation is over-
simplified as the extension of donor-donor conjugated segments beyond three 
heterocyclic units is ignored. A larger number of possible runs of donor-donor conjugated 
chains most likely exists along the polymer backbone of P4-P7. Due to the intrinsic 
differences in molecular energy levels of the donor units and resulting interactions, each 
conjugated segment is envisaged to possess its unique set of energy state and allowed 
optical transitions. The combination of multiple absorptions hence enables the 
broadening of the high-energy absorption band. 
 
Figure 4-4. Illustration of possible donor-donor conjugated segments along the backbone 
of P1-P7: (a) thiophene-EDOT-thiophene, (b) thiophene-TT-thiophene, (c) ProDOT-TT-
ProDOT and (d) thiophene-TT-ProDOT. 
 
4.3.3 Influence of donor-to-acceptor ratio on relative intensities, positions and 
bandwidths of dual absorption bands 
Clearly seen from Figure 4-2, the absorption maxima and the relative intensities of the 
dual absorption bands vary greatly among P1-P7. As the donor-to-acceptor ratio 
increases going from P1 to P7, the impact of the ratio between the donor and acceptor 
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units in the chemical composition of the polymers on the resultant spectral profiles can 
therefore be examined. Prior to further discussion, the term ‘donor-to-acceptor ratio’ used 
in this work has to be defined. For simplification, the term refers to the number of 
electron-rich thiophene-based moieties to the number of DPP units in a repeating chain. 
For instance, the repeating chain of polymer P1 consists of one DPP unit, two thiophene 
units and one EDOT unit, hence its donor-to-acceptor ratio is calculated to be 3:1. For 
polymers P1 to P7, the corresponding donor-to-acceptor ratios are thus approximately 3:1, 
3:1, 3:1, 6:1, 7.7:1, 11:1 and 21:1 respectively.  
 
As the absorption band peaking at wavelengths above 700 nm can only arise from the 
donor-acceptor interaction owing to the presence of DPP-containing conjugated segment 
(monomer 1), probing of the influence of donor-to-acceptor ratio in a conjugated polymer 
on its resulting absorption profiles can be carried out easily. Clearly, the donor-to-
acceptor ratio does not directly translate to the ratio of the peak intensities of the high-
energy absorption to that of the low-energy absorption. For instance, P1 has a donor-to-
acceptor ratio of 3:1 yet the absorption intensity of the low-energy peak is around five 
times that of the high-energy peak. Moreover, monitoring the rate of drop in the intensity 
of the low-energy absorption band of polymers P1 to P7 with respect to the high-energy 
absorption reveals that it occurs much more rapidly compared to the rate of decrease in 
relative ratio of acceptor units. As an illustration, P1, with a donor-to-acceptor ratio of 
3:1, reveals a low-energy absorption which has an absorption intensity that is five times 
that of the high-energy absorption. For P7 which has a donor-to-acceptor ratio of 21:1, 
the high-energy absorption becomes the dominant peak which has an absorption intensity 
that is approximately four times that of the high-energy absorption. As such, reducing the 
constituting percentage of acceptor units by about a factor of five results in the absorption 
intensity of the low-energy peak (relative to the high-energy peak) to drop by 
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approximately twenty times. These empirical evidences indicate that the absorption 
coefficient of the ICT transition is much larger than that of the π-π* transition, and thus 
the donor-acceptor interaction in any D–A type polymer will be the dominant factor that 
controls its absorption profiles and optical properties. 
 
Looking at the positions of the peak maxima of the dual absorptions as well as the energy 
gap between the two absorptions of P1 to P7, clear trends are also observed. The 
absorption maximum of the lower-energy band (ICT transition) is found to exhibit a 
distinct hypsochromic shift. From 826 nm in P1 and P2 and 821 nm in P3, the position 
shifts to 715 (P4), 710 (P5), 700 (P6) and finally to 690 nm (P7). On the contrary, the 
absorption maximum of the higher-energy band (π-π* transition) reveals a general 
bathochromic shift, albeit not systematically as the peak position becomes vague. Largely, 
the position is observed to change from around 430 nm (P1-P3) to over 550 nm (P4-P7). 
Thus, the dual absorption peaks appear to be tending towards each other upon the 
increase in donor-to-acceptor ratio from polymer P1 to P7.  
 
It is also worth noting that the bandwidths of the respective absorptions vary across the 
polymers. A close inspection of the low-energy absorption band of P1 and P2 shows that 
it spans across the 600 – 1050 nm range, exhibiting a huge bandwidth of 450 nm. In P3, 
the bandwidth is narrowed to approximately 350 nm. Going across to polymers P4 to P7, 
the bandwidth gradually decreases (P4: 630 – 950 nm; P5: 640 – 920 nm; P6: 660 – 900 
nm; P7 670 – 850 nm). An opposite trend is observed for the high-energy absorption 
band. Evidently, the peak broadens from the 400 – 500 nm range in P1-P3 to tail over 
650 nm in polymers P4-P7. These observations indicate that the concentration of donor 
and acceptor moieties present in the polymer composition has a direct influence on the 
bandwidths of the dual absorption bands. Evidently, broadening of the low-energy and 
97 
 
high-energy bands can be achieved by utilizing higher concentrations of acceptor and 
donor units respectively. A balance and careful control of the chemical compositions of 
the polymers will thus enable fine color-tuning of the materials to exhibit a huge range of 
hues. Other than the donor-to-acceptor ratio, the distance between the donor and acceptor 
moieties may also influence the magnitude of charge transfer and hence the optical 
properties of the polymers. Further investigations may therefore be carried out. 
 
4.3.4 General guidelines for spectral engineering and color-tuning  
In the earlier sections, we saw how the chemical composition of a D–A type polymer, 
particularly the identity and quantity of donor moieties as well as donor-acceptor ratio, 
plays a significant role in controlling the evolution of the absorption behavior and colors 
of the resulting polymers. Herein, general guidelines for predictive, facile spectral 
manipulation and hence color-tuning of D–A type polymers are proposed.  
 
We begin with an all-donor homopolymer as a control polymer. An all-donor 
homopolymer typically reveals a single broad absorption peak within the UV-vis-NIR 
spectrum as a result of the presence of a single optically-allowed π-π* transition from the 
HOMO to the LUMO. The donor strength (or electron-richness) of the monomeric donor 
unit influences the extent of delocalization of electrons along the conjugated backbone, 
and hence the effective conjugation and energy levels at which the HOMO and LUMO of 
the resultant polymer reside.  Generally, a higher electron-donating ability of the unit 
imparts more effective conjugation, which leads to a reduced energy gap between the 
frontier molecular orbitals. The end result is a red-shift in the absorption behavior. Some 
of the common donors employed for electrochromic polymers are shown in Figure 4-5 
and arranged according to their electron-donating strength. Among the common 
strategies to induce higher electron-donating ability in a moiety is by employing 5-
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membered ring heterocycles (e.g. furan, pyrrole and thiophene) over benzene as the 6 π-
electrons are delocalized over 5 atoms.195 In addition, fused systems and electron-
donating side chains or substituents can also be incorporated. Nevertheless, selection of 
the side groups is tricky as the bulkiness of the chains may induce steric hindrance and 
hence have a counter-effect of the extent of effective conjugation. The colors of all-donor 
homopolymers are most likely to be in the range of yellow, orange and red (as in the case 
of polypyrrole and un-substituted polythiophenes). 
Figure 4-5. Common electron donors utilized in the synthesis of electrochromic polymers, 
arranged in increasing electron-richness and donating ability. 
 
Moving on, we begin to complicate the conjugated polymer system by introducing 
different kinds of donor moieties/groups into the homopolymer. By increasing the 
number of types and arrangements of donor moieties, the number of distinct conjugated 
segments which appears to exist as discrete chromophores increases consequently. The 
variations in energy levels of the frontier orbitals in each of the donor-donor segments 
make up a larger bandwidth comprising of a diverse range of energy gaps and allowed 
optical transitions.192 This generates a broadened, bathochromically-shifted absorption 
band in the visible spectrum. A simplified schematic drawing illustrating the behavior is 
presented in Figure 4-6. By employing co-polymers or random polymers using three or 
more monomeric units, the colors of the neutral polymers are usually able to shift into the 




Figure 4-6. Representation of the discrete allowed optical transitions arising from 
different donor-donor conjugated segments and corresponding absorption behavior. 
 
When an acceptor unit is further added into the conjugated system, an additional set of 
interaction (intramolecular charge transfer) between the donor and acceptor units is 
induced. This leads to the presence of two major electronic and optical transitions and 
therefore, the occurrence of the characteristic dual-absorption band behavior. 
Manipulation of the donor-acceptor ratio enables significant spectral modifications and 
color-tuning in the resulting polymers. Empirical evidence has shown that the decrease in 
the amount of electron donors in the chemical make-up reduces/increases the electron-
rich/electron-poor character of the polymer and thereby pushes high-energy and low-
energy absorption bands into the UV and NIR regions respectively. This is accompanied 
by the depletion and increase in absorption intensities as well as narrowing and 
broadening of the respective bands. In parallel, introducing more electron-rich moieties 
causes the high-energy and low-energy absorption bands to red-shift and blue-shift 
respectively, which results in them tending towards each other and appearing to merge 
gradually with similar absorption intensities.192 When the amount of electron donors 
exists in great excess, the high-energy absorption band becomes dominant, and the 
overall absorption profile becomes highly similar to that of the control all-donor polymer. 
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The schematic representation in Figure 4-7 depicts the evolution of the dual-absorption 
bands under different donor-to-acceptor ratios. 
 
Figure 4-7. Illustration of the effect of donor-acceptor ratio in a D–A polymer on the 
spectral evolution of both high-energy and low-energy absorption bands.  
 
Using the frontier orbitals and ICT theory, the changes in absorption behavior of the D–A 
conjugated polymers under the influence of the donor-acceptor ratio described above can 
be rationalized (Figure 4-8). At low concentrations of the acceptor moiety which are 
viewed as “isolated dopants”,192 the D–A conjugated segments become more dispersed 
along the conjugated backbone and the LUMO centered on the acceptor moiety occupies 
a smaller energy width. At the same time, the quantity of charge transfers arising from 
electronic push-pull in the D–A segments is reduced. This causes a depletion in the low-
energy ICT absorption intensity with a simultaneous hypsochromic shift as a 
consequence of a magnified energy gap between the HOMO and LUMO states. Likewise, 
it can be expected that the increase in the amount of D–D conjugated segments along the 
polymer backbone generates a larger bandwidth, which allows π-π* transitions to occur at 




Figure 4-8. Illustration of the effect of donor-acceptor ratio in a D–A polymer on its 
frontier orbitals and corresponding electronic transitions.  
 
The facile manipulation of the bandwidths and bandgaps of the optically-active electronic 
transitions in D–A polymers suggest that the positions and widths of the dual absorption 
bands can be easily configured to yield polymers with neutral-state hues in the range of 
blue, cyan and green. A graphical summary of the typical hues attainable by utilizing 
polymer design strategies is illustrated in Figure 4-9. Logically, the careful design and 
control of the constituting units, respective ratios and arrangements along the polymer 
backbone will enable a complete absorption across the visible wavelength region, 
rendering an observed black hue which is attractive for numerous electrochromic 
applications. In the following sub-section, spectral engineering for the purpose of 
achieving black polymers for electrochromic applications is attempted and reported. 
 
Figure 4-9. General color-tuning of electrochromic polymers through structural design. 
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4.4 Spectral broadening and induction of high-energy visible absorptions for 
neutral-state black polymers 
4.4.1 Replacement of propylenedioxythiophene with dialkoxythiophene 
In the above section, P5 was observed to absorb strongly and broadly across the visible 
wavelength region. Nonetheless, a lack of optical absorption within the high-energy 
wavelength region (400 – 500 nm) that corresponds to blue light causes the polymer to 
reveal a dark blue-black hue (a* = 3, b* = -18). An analysis of the optical properties of 
reported polymers in the literature yields an interesting finding, which is that polymers 
that are composed of dialkoxythiophene (DalkOT) moieties typically exhibit 
hypsochromically-shifted absorption bands compared to those that are made up of 
ProDOT. For example, between polymers ECP-orange63 and ECP-red,64 the former 
reveals an absorption maximum at 483 nm versus 543 nm of the latter (Figure 4-10).  
 
Figure 4-10. Chemical structures and absorption maxima of reported ECP-orange and 
ECP-red. 
 
Drawing inspiration from the reported findings and personal experimental results, a 
method to modulate visible light absorption in the short-wavelength region was proposed 
– to include bulky dialkoxythiophene (DalkOT) units to induce steric hindrance in the 
polymer backbone, as well as to generate more discrete donor-donor conjugated segments. 
In the synthesis of polymers P8-P10,183 the DalkOT unit (monomer 5) was incorporated 
as an additional unit to replace some quantitative amount of the ProDOT (monomer 3) 
units. The amount of the thiophene-flanked DPP moiety (monomer 1c) was kept constant 
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while the ratio between ProDOT and DalkOT was systematically adjusted. The synthetic 
route is illustrated in Scheme 4-2. 
Scheme 4-2. Synthetic route leading to polymers P8-P10. 
 
4.4.2 Optical, electrochemical and colorimetric properties of near-black polymers 
The molar absorptivities of polymers P8-P10 in dilute chlorobenzene are shown in Figure 
4-11a. UV-vis absorption spectra of the polymers in their film states are shown in Figure 
4-11b and compared against P5. While the absorption profiles in the 650 – 1000 nm 
range are largely similar, distinct differences are observed in the 320 – 650 nm 
wavelength region. This in line with the expectations as the amount of DPP-containing 
acceptor moieties is identical in all the polymers, with the only difference in the identity 
of the constituting donor moieties. As seen in the earlier discussion, the lower-energy 
absorption behavior of D–A type polymers is largely controlled by the donor-acceptor 
interactions, whereas the high-energy absorption behavior is influenced by the donor-
donor interactions. As the ProDOT units are being replaced by the DalkOT units, major 
depletion of the absorption peaking at approximately 550 nm occurs, with a concomitant 
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formation of a broad absorption spanning across 320 – 500 nm. The void in the low-
wavelength region gets filled up with increasing addition of DalkOT units, and the entire 
visible spectrum across 390 – 700 nm of P8-P10 is covered. The incorporation of 
DalkOT units is observed to have a minimal influence on the effective conjugation of the 
resulting polymers as their absorption onsets (P8: 872 nm; P9 and P10: 883 nm) and 
hence bandgaps (P8: 1.42 eV; P9 and P10: 1.40 eV) remain similar to one another and in 
comparison to P5 (889 nm, 1.39 eV). Besides the optical properties, the addition of 
DalkOT units is found to affect the electronic properties of the polymers to a small extent. 
Measurements of the HOMO energy levels from the oxidation onset potentials (P8: 0.26 
eV; P9: 0.18 eV and P10: 0.21 eV vs. ferrocene) show that the HOMO levels of the 
polymers range from -4.98 to -5.06 eV (Figure 4-11c). Such shallow-lying HOMO 
energies are typically favored for the operation of electrochromic devices as the power 
consumption is lowered. A summary of the optical and electrochemical properties is 
given in Table 4-1. 
 
In Figure 4-11d, the colors and colorimetric measurements of thin films of P8-P10 spray-
cast to an optical density of approximately 1.0 a.u. are presented. In accordance to the 
spectral data, all three polymers display near-black neutral-state hues with colorimetric 
values very close to the origin (a* = 0, b* = 0). The values of P8, P9 and P10 are (-3, -2), 
(0, -6) and (0, -7) respectively, rendering them to be closer to the true black than most 
reported ‘black’ polymers in literature. The presence of a negative a* value of P8 causes 
the film to exhibit a slight green hue, whereas for P9 and P10, the negative b* value 
results in a blue tinge. Fortunately, the residual color tones are not noticeable to the 
human eye at first glance. 
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Figure 4-11. (a) Molar absorptivity of P8-P10 in dilute chlorobenzene. (b) Normalized 
UV-vis absorption spectra, (c) cyclic voltammograms (electrolyte/solvent couple: 0.1M 
LiClO4/ACN, scan rate: 50 mV/s, calibrated vs. ferrocene/ferrocenium couple.), (d) 
colors and L*a*b colorimetric values of near-black P8-P10 thin films. 
 
 
Table 4-1. Optical and Electrochemical Properties of P8-P10. 
 









Solution Film Solution Film 




860 872 1.42 0.26 -5.06 -3.64 




867 883 1.40 0.18 -4.98 -3.58 




863 883 1.40 0.21 -5.01 -3.61 
a Eg
opt = 1240/λonset,film. b Values are calculated vs ferrocene. c EHOMO = -(Eonset,ox vs ferrocene) – 4.8. d 





4.4.3 Performance of neutral-state black polymers 
To examine the ability of the polymers to display a color change upon application of an 
external bias, the spectroelectrochemical graphs of P8-P10 are recorded and illustrated in 
Figure 4-12. In general, all three polymers exhibit similar behavioral changes towards an 
oxidative electrical stimulus. Under a reductive electrical bias, the absorption profiles 
remain identical to that at the neutral state (i.e. 0.0V). At increasingly higher levels of 
oxidative electrical doping, the ground-state absorption bands of the polymers covering 
the entire visible region deplete progressively, as evident from the systematic drop in 
absorption intensities. Concurrently, a new broad, lower-energy absorption band across 
the NIR region stretching from 1000 to 1500 nm appears. Upon gradual oxidation, a 
distinct peak with an absorption maximum of around 1175 nm can be observed, which is 
most likely attributed to the formation of the positively-charged polaronic species. As 
seen from the figures, application of an electrical bias beyond 1.6 V does not lead to 
considerable changes in the absorption spectra in the visible region. This suggests that 
most of the neutral polymeric species have been converted into the charged polaronic and 
bipolaronic states. Due to the low bandgaps of the polymers, the formation of the 
bipolarons cannot be identified as their absorptions are shifted far into the NIR region. 
From the data presented, the optimal operating potential of the devices is thus at 
approximately 1.6 V. Besides, the presence of a significant residual tailing of the 
absorption into the visible wavelength region (500 – 750 nm) renders the polymers to 
reveal a dull colored hue even in their fully oxidized states. 
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Figure 4-12. Spectroelectrochemical graphs of (a) P8, (b) P9 and (c) P10 ECDs at 
various applied potentials. 
 
Optimization of the electrochromic black-to-transmissive switching in polymers P8-P10 
was further carried out by measuring the degree of color change across a series of films 
spray-cast to various optical densities (~0.6 to 1.0 a.u. in 0.1 increments). The L*a*b* 
values for each film are taken, and the photopic contrasts between the dark and clear 
states are obtained by taking the difference in percent transmittance of the spectra 
integrated over the visible wavelengths. 
 
As exemplified in the photographs in Figure 4-13, polymers P8-P10 display near-black 
hues in their neutral states, which show a systematic decrease in luminance upon 
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increasing optical densities as evident from the lowering of L* value. The thinner films 
reveal L* values in the range of 66 – 67 at around 0.6 a.u. which drop to approximately 
49 – 53 when the optical density reaches 1.0 a.u. Upon oxidation under an application of 
2.0 V, all the devices undergo black-to-light grey color transition. For all the films, an 
increase in L* value is observed as a result of the heightened level of transmissivity. In 
contrast, both the a* and b* values remain relatively constant. This implies that the initial 
absorptions of each of the polymers across the visible region deplete equally in response 
to the electrical stimulus, which allows the polymers to reveal multiple shades of grey 
upon oxidation. In the event that the ground-state absorptions of the polymers undergo 
unequal extent of depletion at different wavelengths, the polymers will exhibit multiple 
color tones and a drastic change in the recorded colorimetric values. Based on the human 
eye, the magnitudes of color change for films with different thicknesses and hence optical 
densities are easily discerned. This is supported by the experimental evidence in which 
the photopic contrasts of the polymer films drop with increasing film thickness, in 
general. For P8, P9 and P10, the highest photopic contrasts are 17.2, 13.6 and 14.2% 
respectively, which are obtained for films that are spray-cast to optical densities in the 




Figure 4-13. Photographs, L*a*b* values and photopic contrasts of P8-P10 ECDs at 




Electrochromic devices assembled with polymer films of P8-P10 with the range of 
optical densities were subsequently employed to undergo additional electrochromic 
performance characterization, which include the measurement of the optical contrasts at 
specific wavelengths, the rate of switching as well as the coloration efficiencies. Figure 
4-14 depicts the transmittance-time profiles of one switching cycle of the polymers as 
they are subjected to a square-wave potential step between +1.6 and -1.6 V at their 
optimal film thicknesses based on the photopic contrasts determined earlier. Curiously, 
while both P8 and P9 exhibit reasonably similar optical contrasts of about 25 and 60% at 
736/790 nm and 1500 nm respectively, a drastic loss in performance is apparent for P10. 
Besides revealing lower extent of transmittance changes in both wavelengths probed, the 
switching kinetics of the polymer is also seen to suffer greatly as marked by the slower 
rates of change of transmittance during both electrical oxidation and reduction. As the 
electrochemical properties and band gaps of P8-P10 are largely similar, the lower 
contrasts and slower switching speeds of P10 may presumably be a consequence of the 
excessive incorporation of DalkOT units which could have influenced the packing and 
morphology of the film. Further investigations are nonetheless required. 
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Figure 4-14. Switching cycles of P8-P10 ECDs fabricated from films spray-cast to 




A complete summary of the electrochromic performance of P8-P10 ECDs fabricated 
from films of different optical densities is provided in Table 4-2. The influence of the 
film thickness on the resulting electrochromic performance of the polymers can be clearly 
observed. On the whole, an increase in film thickness leads to the lowering of optical 
contrast, which goes in hand with reduced switching speeds. Even though a thicker film 
indicates that a larger amount of polymer and therefore electrically-addressable sites are 
available for potential larger degree of electrochromic change, the sheer volume of the 
polymer film may in actual fact hinders the penetration of charges from the surface to the 
bulk. As a result, only the polymer chains that are located near the substrate can be 
electrically oxidized or reduced. On the contrary, the loss in rate of electrochromic 
switching of the polymer films can most likely be accounted for by the longer distance 





















λ1b λ2 (1500 nm) 
OC 
(%)c 





τb (s)d τc (s)e 
CE 
(cm2/C)f 
P8 0.62 17.2 26.4 61.38 2.00 200 59.7 4.45 19.89 253 
P8 0.70 15.3 25.8 56.35 1.81 182 61.3 4.8 19.77 230 
P8 0.82 11.2 17.9 75.95 3.40 130 57.6 11.33 24.51 149 
P8 0.91 11.4 11.6 81.36 7.91 95 52.5 28.16 31.88 107 
P8 1.08 10.1 11.9 80.41 8.34 98 53.0 29.71 31.52 108 
P9 0.63 13.6 23.0 33.99 3.07 130 60.3 5.95 17.72 243 
P9 0.73 12.0 21.0 41.42 3.41 115 54.0 9.33 20.39 152 
P9 0.85 12.9 18.0 47.73 4.64 100 56.1 14.7 48.51 138 
P9 0.93 11.5 18.9 39.88 3.14 93 54.8 11.03 22.57 126 
P9 1.06 10.6 15.8 42.72 4.58 101 53.2 17.26 35.38 111 
P10 0.61 13.3 15.1 72.91 14.57 107 46.0 29.13 69.39 193 
P10 0.70 14.2 15.2 77.99 22.1 118 48.5 32.09 67.41 186 
P10 0.81 13.3 15.8 76.89 14.85 134 48.4 27.23 66.35 200 
P10 0.90 12.6 13.5 80.54 24.47 115 50.3 38.93 69.52 181 
P10 0.98 12.3 15.7 79.08 17.28 147 58.0 28.33 65.42 201 
a Photopic contrast: Δ%T integrated over 400 – 700 nm. b P8: 736 nm; P9: 790 nm; P10: 785 nm.  
c Optical contrast. d Bleaching time where bleaching refers to the process in which the percent 
transmittance changes from a lower value to a higher value. e Coloration time where coloration 
refers to the process in which the percent transmittance changes from a higher value to a lower 
value. f Coloration efficiency. 
 
Conclusion 
Three series of novel DPP-containing D–A polymers (P1-P7) was presented and studied 
for their optical absorption and colorimetric properties. The use of different types of 
donors, and varying donor-to-acceptor ratios in the chemical makeup of the polymers 
enabled facile color-tuning across the visible spectrum. Neutral-state hues transiting 
between dark tones of green, blue and purple were obtained. This was made possible by 
the regulation of the relative intensities, positions, bandwidths of the dual absorption 
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bands characteristic of D–A type polymers. The controlled influence of the donor and 
donor-acceptor pairing in a conjugated backbone on the frontier molecular orbitals and 
resulting optical behavior of the polymers was discussed. The presented general rules and 
guidelines for predictive spectral engineering will enable synthetic chemists to derive 
polymers with desired colors and shades much more easily.  
 
In an attempt to induce light absorption in the blue-wavelength region to achieve broadly-
absorbing polymers within the visible region, a strategy that involved the incorporation of 
a more sterically-bulky DalkOT moiety into the conjugated polymer backbone was 
adopted. Between DalkOT and ProDOT, the former induces a higher level of torsional 
strain along the conjugated backbone, hence it is responsible for the effective light 
absorption at higher energies. Through the random arrangement of constituting DalkOT 
and ProDOT donors and numerous distinct conjugated segments in the polymer backbone, 
electronic transitions corresponding to a broad distribution of wavelengths in the visible 
light range were attained. The aim of producing neutral-state near-black polymers (P8-
P10) was thus achieved, as evident from the colorimetric a* and b* values in the range of 
-3 to 0 and -2 to -7 respectively. The measured colorimetric values are much closer to 
that of true black (a* = 0, b* = 0) compared to most reported works in literature. 
Investigation of the electrochromic performance of the prepared black polymers revealed 
that the optical contrasts attainable were limited by the high degrees of residual 
absorption when being subjected to oxidation. A maximum photopic contrast of 17.2% 
was attained for P8. In addition, moderate switching speeds were exhibited by the 
polymers. Further optimization of polymers that can transit to fully transmissive and 
colorless hues can therefore be continued, either from the material or device approach. 
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CHAPTER 5 CHEMICAL STRUCTURE-DEVICE 
PERFORMANCE RELATIONSHIPS OF DPP-BASED DONOR-
ACCEPTOR POLYMERS 
5.1 Introduction 
With the constant focus on designing and producing novel building blocks and materials, 
a wide library of electrochromic polymers exists to-date. While routine characterization 
of such materials for their color-changing performance has been carried out, the emphasis 
on the study and exact of the structure-property relationships is unfortunately lacking. A 
greater grasp on this knowledge will enable a shift away from any hit-or-miss approach 
adopted during polymer design. The selection of building blocks, and their constituting 
quantities or structural order can also be easily carried out to yield electrochromic 
polymers that fulfil the desired requirements of specific applications. While efforts to 
create new polymers should by no means be undermined, an in-depth understanding of 
how the resulting properties of the polymers can be influenced and controlled by their 
chemical compositions is mandatory for further progress in the field.  
 
Even though there are many cases of polymers bearing similar chemical makeup in 
literature, a direct deduction of the structure-property relationship is difficult and gives 
little meaning. This is particularly so as the physical attributes of the polymers, 
fabrication techniques and operating conditions utilized across numerous research groups 
are different. In this chapter, we attempt to elucidate some of the structure-property 
relationships of several DPP-based polymers. The influence of the length of side chains, 
the molecular weight and the donor-to-acceptor ratio in the chemical makeup of the 
polymers on the resulting electrochromic performance is investigated. The chemical 
structures of the polymers can be found in Figure 3-20 in Chapter 3. For a fairer 
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comparison, the processing and fabrication steps, as well as the experimental conditions 
are kept as identical as possible within each series of polymers. 
 
5.2 Effect of length of side chains 
5.2.1 Optical and electrochemical properties 
The molar absorptivities in solution and UV-vis-NIR absorption spectra of P1 and P2 in 
dilute chlorobenzene and as thin films are shown in Figure 5-1. As seen, the optical 
absorptions of P1 and P2 are extremely strong given that the maximum molar extinction 
coefficients can reach around 75000 - 85000 M-1cm-1 at their λmax. This is commonly 
observed for DPP-containing conjugated oligomers and polymers.196-198 Two distinct 
absorption peaks were observed in both the solution and film spectra, albeit the shorter-
wavelength peak being much lower in absorption intensity compared to the major broad 
band centered near 800 - 900 nm. Given the high DPP acceptor content (donor-to-
acceptor ratio of 3:1) in polymers P1 and P2, it is expected that the longer-wavelength 
optical absorption will be dominant. Interestingly, an unusual feature is observed in the 
absorption spectrum going from the solution to the solid state. While a broadening in the 
bandwidth and slight bathochromic shifts in absorption onsets are apparent in the thin-
film spectra of both P1 and P2, blue-shifts instead of red-shifts in the absorption maxima 
are experienced as a result of the initial shoulder peak in the solution state becoming the 
dominant optical transition in the film state. Similar cases have also been observed 
although the exact reason remains unknown.199, 200 A possible reason may be the 
formation of H-aggregates.201 For P1, the absorption maxima of the shorter- and longer-
wavelength peaks decrease by 2 and 114 nm respectively. Similarly for P2, blue-shifts of 
2 and 118 nm are recorded.  
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Figure 5-1. (a) Molar absorptivity of P1 and P2 in dilute chlorobenzene. Normalized UV-
vis absorption spectra of (b) P1 and (c) P2 in chlorobenzene and as thin films. 
 
 
Between polymers P1 and P2, the absorption profiles remain largely similar even though 
the overall absorptions are slightly hypsochromically-shifted for P2. This indicates that 
the usage of marginally longer alkyl side chains (by 2 carbons) in P2 induces a very 
slight disruption in the effective conjugation in the polymer backbone, possibly due to an 
increase in steric distortion and twisting. On the whole, the compatible pairing of DPP 
and EDOT in P1 and P2 allows considerably strong donor-acceptor interaction. This 
results in very-low bandgaps of 1.19 eV for both polymers, which are lower when 




As seen from the cyclic voltammograms in Figure 5-2, two quasi-reversible redox 
couples are present in both polymers. However, differences are recorded. Besides a 
seemingly reduced electroactivity as observed from lower current responses, the onsets of 
the oxidation peaks are also slightly shifted to higher potentials for P2. This suggests that 
the propensity of P2 towards oxidation is slightly lower than P1, which is in agreement 
with earlier prediction that there is a slight loss in backbone planarity and effective 
conjugation in P2. The HOMO levels of P1 and P2 are experimentally approximated to 
be -5.04 and -5.09 eV respectively. Such low-lying HOMO levels promises low operating 
voltage, and is favorable for electrochromic applications.204 A detailed summary of the 
optical and electrochemical properties of the polymers is presented in Table 5-1. 



































Figure 5-2. Cyclic voltammograms of (a) P1 and (b) P2 thin films in 0.1M LiClO4/ACN 
electrolyte/solvent couple at a scan rate of 50 mV/s calibrated vs. ferrocene/ferrocenium 
couple.  
 
Table 5-1. Optical and Electrochemical Properties of P1 and P2. 
 









Solution Film Solution Film 
P1 439, 888, 948 437, 834 1024 1043 1.19 0.24 -5.04 -3.85 
P2 438, 888, 944 436, 826 1025 1040 1.19 0.29 -5.09 -3.90 
a Eg
opt = 1240/λonset,film. b Values are calculated vs ferrocene. c EHOMO = -(Eonset,ox vs ferrocene) – 4.8. d 





5.2.2 Electrochromic performance 
The electrochromic behaviors of polymers P1 and P2 are investigated in fabricated 
devices. Polymer thin films were deposited onto the ITO/glass substrates using the spin-
coating technique from 10 mg/mL solutions in chlorobenzene at a rotational speed of 
1000 revolutions per minute (rpm) for 60 s. The thicknesses for the films are measured to 
be in the range of 105 – 115 nm. 
 
Changes in the absorption profiles of the polymers were probed under various applied 
potentials (Figures 5-3a and 5-3b). In their neutral states, the strategic positions of the 
dual absorptions of P1 and P2 enable the simultaneous capture of both red and blue light, 
causing the polymers to display dark green hues (Figure 5-3c). Under progressive 
oxidation, the neutral-state absorptions begin to deplete, with a concurrent formation of a 
broad NIR absorption with increasing intensity. At the fully oxidized states, the newly-
generated NIR absorption band spans across a huge wavelength range between 800 and 
1600 nm which is invisible to the human eye. Unfortunately, the presence of residual 
absorptions in the visible region causes the polymers to reveal a light greyish-blue hue in 
their oxidized states (Figure 5-3c). In contrast, no absorption changes were observed 
under negative bias. The colorimetric L*a*b* values of P1 and P2 in their neutral and 
oxidized states are recorded and shown together with the photographs in Figure 5-3d. In 
line with the highly similar absorption profiles, the hues of P1 and P2 are also very close 
to each other, with differences of within two units in the a* and/or b* values. 
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Figure 5-3. Spectroelectrochemical graphs of (a) P1 and (b) P2 ECDs at various applied 
potentials. (c) Photos of the fabricated P2 ECD and (d) Comparison of colors and L*, a*, 
b* color coordinates of P1 and P2 devices in their neutral and oxidized states. 
 
Further characterization of the electrochromic parameters was carried out using in-situ 
square-wave potential step absorptiometry on the fabricated devices of P1 and P2. For 
each of the polymers, transmittance changes were measured at the two respective 
wavelengths in the visible and NIR regions where electrochromic changes are the largest. 
As illustrated in Figure 5-4, potentials of +1.6 and -1.6 V were supplied to the devices 
and they were held over a range of residence times, starting from a longer to shorter 
duration. This approach allows the performance and switching kinetics of the polymers to 
be more easily discerned, especially so when the switching speeds are relatively fast. For 
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both P1 and P2, the maximum optical contrasts attainable are comparable. Values of 36 
and 63% were obtained for P1 at 840 and 1180 nm respectively, while for P2, 45 and 52% 
were observed at 833 and 1180 nm respectively.  














































Figure 5-4. Square-wave potential step absorptometry of (a) P1 and (b) P2 ECDs 
between +1.6 V and -1.6 V. Switch times: 60 s, 30 s, 15 s, 10 s and 5 s step for 1 cycle 
each. 
 
By observing the optical contrasts achieved for the polymers as the devices are gradually 
subjected to faster potential steps, the difference in the performance between P1 and P2 
becomes clearer. It is noted that when P1 is being subjected to the 5 s potential cycle, the 
optical contrast drops rather significantly compared to the maximum attainable, which 
indicates that the time allowed for the device to switch electrochromically is insufficient 
to reach a full switch. On the other hand, the loss is contrast is negligible for P2, which 
illustrates that the switching speed of P2 is faster than that of P1. A calculation of the 
coloration and bleaching times of the respective devices confirms the findings. The 
results suggest that the presence of longer side chains attached onto the polymer 
backbone is favorable towards the enhancement of switching speeds. Separate trials were 




At first glance, this is counter-intuitive as P2 is believed to be less effective at conducting 
charges and in undergoing redox processes from above electrochemical analysis. 
Nonetheless, a similar conclusion was attained and reported, and in the work, the faster 
switching behavior in a polymer bearing longer side chains was attributed to the presence 
of an expanded polymer structure due to stronger steric repulsion between the longer side 
chains which allows facile ion movement.61 This highly suggests that while the intrinsic 
charge transport property of a polymer may be among the factors determining its 
electrochromic performance, the physical attributes – particularly the packing of polymer 
chains and morphology of the films may in actual fact be more critical. 
 
Table 5-2. Electrochromic Performance of P1 and P2 ECDs. 
 
λ1a λ2 (1180 nm) 
OC 
(%)b 









1 36 28.3 2.2 686 63 3.4 3.3 901 
2 35 21.2 2.5 812 61 3.1 3.1 615 
3 34 24.5 2.1 813 62 2.8 3.4 614 
     Avgf 35  1 24.7  3.5 2.3  0.2 774  67 62  1 3.1  0.3 3.3  0.2 710  165 
P2 
1 45 15.0 1.3 734 52 1.4 1.9 743 
2 43 12.8 1.4 802 52 1.7 2.5 660 
3 44 15.0 1.2 807 51 1.6 2.6 670 
     Avgf 44  1 14.3  1.3 1.3  0.1 781  41 52  1 1.6  0.2 2.3  0.4 691  45 
a  P1: 840 nm; P2: 833 nm.  b Optical contrast. c Bleaching time where bleaching refers to the 
process in which the percent transmittance changes from a lower value to a higher value. d 
Coloration time where coloration refers to the process in which the percent transmittance changes 
from a higher value to a lower value. e Coloration efficiency. f Statistics reported are averages and 







5.2.3 Morphological investigation 
In a bid to further understand the influence of the side chain lengths on the switching 
properties of the polymers, the surface morphologies of P1 and P2 films were probed 
using AFM and the recorded images are shown in Figure 5-5. At the scan sizes of 5 × 5 
μm, both polymers P1 and P2 reveal smooth and uniform surfaces with mean surface 
roughness of 0.910 and 0.870 nm respectively. The polymer films were found to be 
composed of intercalating fibrillar domains aligned in various directions, which formed a 
network structure. Also observed to disperse homogeneously around the polymer 
networks are minute pinholes (black areas) which may have acted as easily-accessible 
sites for the facile ingress/egress of counter ions present in the electrolyte which is 
necessary for rapid electrochromic switching.38, 96 
 
For finer details on the alignment of the crystallites, zoomed-in images at 1 × 1 μm were 
further captured. For P1, smaller and rounder aggregates were observed. On the other 
hand, for P2, the grains appear to be more elongated and closely-packed, which may be 
more beneficial for charge hopping and transport. Unfortunately, such surface 
measurements are limited in its resolution, and are unable to map the exact chain-to-chain 
packing nature. Moreover, they are not representative of the bulk morphology of the film 




Figure 5-5. AFM images of (a, c) P1 and (b, d) P2 thin films. Scan size: 5 × 5 μm (a, b) 
and 1 × 1 μm (c, d). 
 
5.3 Effect of molecular weight 
5.3.1 Optical and electrochemical properties 
As illustrated in Figure 5-6a, the molar absorptivities (or molar extinction coefficients), ε, 
of polymers P3 and P3a are found to be greatly influenced by their molecular weights 
and a direct correlation exists. It appears that P3, with Mn of about 1.3 times that of P3a, 
displays higher oscillator strength and stronger optical transitions which renders it to 
possess a larger molar absorptivity. Compared to P3a, the molar absorptivity of P3 is 
about 60% larger at the wavelength maximum. While the molar extinction coefficient of 
P3 reaches a value as high as 83000 M-1cm-1 at 824 nm, a value of only 53000 M-1cm-1 is 
observed for P3a. A high molar absorptivity may be beneficial for electrochromic 
purposes as the polymer will display a high optical density even at a very thin film 
thickness. One of the possible reasons for the difference in the absorptivities may be the 
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different distributions of physical conformations adopted by the polymers, where longer 
polymers tend to exist more as linear chains due to greater chain-chain interactions 
compared to chain-solvent interactions due to limited solubility.205 It has been shown that 
linear chains typically possess higher molar absorptivity as a result of stronger oscillator 
strength of the lowest electronic transition whereas the oscillator strength is transferred to 
higher electronic transitions in coiled chains.206 








































































Figure 5-6. (a) Molar absorptivity of P3 and P3a in dilute chlorobenzene. (b) Normalized 
UV-vis absorption spectra of P3 and P3a in chlorobenzene (solid line) and as thin films 
(dashed line). 
 
The normalized absorption profiles of the polymers in solution and thin film states are 
shown in Figure 5-6b. Similar to most conjugated polymers, the absorption profiles of 
both P3 and P3a thin films are broadened and red-shifted when compared to their 
solution states. While the change is minimal in P3 as the conformations adopted by the 
long, linear chains are expected to be similar with or without the presence of a solvent, 
the transformation in P3a is more substantial. As observed, the absorption maximum and 
onset of P3a shifted by 75 and 84 nm respectively, while the absorption band broadens to 
cover the 600 – 960 nm range. Significant broadening of the absorptions in P3a is most 
likely to have arisen from more compact inter-chain stacking and aggregation of the 
shorter polymer chains in the solid state due to the loss in mobility. It is also noted that 
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P3a exhibits a longer tailing into the NIR wavelength region, giving it an absorption 
onset at longer wavelengths and hence a smaller calculated band gap. This is 
counterintuitive at first glance as a shorter polymer chain is expected to possess a larger 
band gap. A plausible reason for this is that P3a may have consisted of more 
homocoupling defects due to the different catalyst systems used for the synthesis of P3 
((Pd(PPh3)4)) and P3a (PdCl2(PPh3)2),191 giving it a reduced band gap.190 
 
 
Probing of the redox behaviors of P3 and P3a using cyclic voltammetry on the thin films 
reveals two quasi-reversible redox couples under anodic, oxidative potentials (Figure 5-7). 
While the general shapes are highly similar, sharper and more distinct peaks are observed 
in P3 which suggests that more complete oxidation and reduction processes occur within 
a smaller potential window. Nonetheless, the potentials for oxidation onset are found to 
be almost identical, with P3 exhibiting a marginally-lower value of 0.39 V compared to 
0.40 V of P3a. From the experimentally-measured onset potentials, the HOMO levels of 
P3 and P3a are approximated to be -5.19 and -5.20 eV respectively. A summary of the 




































Figure 5-7. Cyclic voltammograms of (a) P3 and (b) P3a thin films in 0.1M LiClO4/ACN 
























899 916 1.35 0.39 -5.19 -3.84 
P3a 53000 431, 810 435, 885 938 1022 1.21 0.40 -5.20 -3.99 
a Molar absorptivity: measured in dilute chlorobenzene at 824 nm. b Eg
opt = 1240/λonset,film. c Values 
are calculated vs ferrocene. d EHOMO = -(Eonset,ox vs ferrocene) – 4.8. e ELUMO = EHOMO + Egopt. 
 
5.3.2 Morphological investigation 
Polymer solutions of P3 and P3a were first prepared in mixed chloroform:chlorobenzene 
(4:6 v/v) at a concentration of 10 mg/mL and 15 mg/mL respectively. The polymer thin 
films were subsequently deposited using the spin-coating technique, at a rotational speed 
of 800 rpm for 60 s for both P3 and P3a. The specific polymer concentration and coating 
conditions were chosen after a series of trials, as it resulted in similar mass of polymer 
(0.10 mg) within the 2 × 2 cm2 active area being coated onto the substrate. Precise 
measurements of the deposited mass were carried out using a Sartorius MC5 
microbalance. This is essential to enable a fair analysis of the influence of molecular 
weight on the electrochromic behaviors of the polymers in subsequent studies, by 
keeping the total number of repeating monomeric units present the same. 
 
The surface morphologies of P3 and P3a captured using AFM are represented in Figures 
5-8a and 5-8b. For P3, the polymer is observed to exist as fibrillar-like structures. While 
the crystalline domains are highly aligned, the overall morphology generally adopts a 
loose-packed structure. On the other hand, no distinct features could be made out for P3a. 
By and large, the polymer is found to aggregate into micron-sized globules with no 
specific directionality. Further evidence illustrating the difference in morphologies 
between P3 and P3a films was obtained during the surface profilometry studies. As 
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shown in Figures 5-8c and 5-8d, while the film thicknesses of both polymers are similar 
at around 157 and 155 nm, the surface topographies are drastically different. Evidently, 
the surface height variations (vertical displacements) are much larger in P3a than in P3. 
For P3, the surface is smoother with the vertical displacements in the range of 10 nm 
from the mean thickness. In contrast, variations as large as 50 nm are observed for P3a. 
This correlates with the results obtained using AFM, where P3 and P3a are represented 
by smooth, structured polymer clusters and large non-uniform globules respectively.  
 
 
Figure 5-8. 2D AFM height images of (a) P3 and (b) P3a thin films. Surface profiles 
(height plots) of (c) P3 and (d) P3a thin films. 
 
X-ray diffractions of both P3 and P3a were recorded on drop-cast thin films and the 
spectra are illustrated in Figure 5-9. For both polymers, distinct (100) (whose d-spacing 
corresponds to the in-plane spacing) reflections were observed. The 2θ angles 
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corresponding to the peak maxima of the (100) reflection are seen to be highly similar for 
both P3 (4.3°) and P3a (4.4°). The d-spacings (d(100)) for P3 and P3a were hence 
calculated to be 20.5 nm and 20.1 nm respectively. While the peak corresponding to the 
(200) reflection is less obvious in P3a, it is highly visible for P3 at 8.6°. This suggests 
higher molecular ordering and crystallinity in polymer P3, which could have been 
facilitated by the stronger interactions and alignment among the linear chains.207  























Figure 5-9. XRD spectra of (a) P3 and (b) P3a thin films drop-cast on ITO/glass 
substrates. 
 
5.3.3 Electrochromic performance 
The electrochromic properties of P3 and P3a were investigated in their sandwich-
structured device form. The spectroelectrochemical graphs depicted in Figures 5-10a and 
5-10b illustrate the changes in absorption spectra of the polymers under different applied 
potentials. In their neutral states, both polymers P3 and P3a are green or bluish-green and 
display the characteristic dual absorption bands. The striking difference is in the optical 
densities of the films, arising from the difference in molar absorptivities of the polymers 
as mentioned earlier. While an absorbance as high as 0.9 a.u. is attained for P3, P3a only 
manages a value of around 0.6 a.u. While the application of negative bias did not induce 
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absorption changes, the absorptions in the visible wavelength region begin to deplete 
steadily following oxidative bias, with a concurrent formation of the NIR absorption band. 
The newly-formed low-energy band, which shows a peak at around 1285 nm, is likely to 
correspond to the formation of the polaronic species. In the fully oxidized states, both 
polymers reveal a transmissive grey shade. The photographs of the P3 device under its 
neutral and oxidized states are shown in Figure 5-10c while the colorimetric values of 
both P3 and P3a are presented in Figure 5-10d. Compared to P3, P3a carries a higher 
degree of blue tone.  
















































































Figure 5-10. Spectroelectrochemical graphs of (a) P3 and (b) P3a ECDs at various 
applied potentials. (c) Photos of the fabricated P3 ECD and (d) comparison of colors and 




The switching behavior and kinetics of P3 and P3a were subsequently probed using in-
situ square-wave potential step absorptiometry. For each polymer, the transmittance 
changes were monitored at 825 and 1285 nm while being subjected to potential pulses of 
+1.6 and -1.6 V. The switching cycles of P3 and P3a are shown in Figure 5-11. Evidently, 
P3, with a higher molecular weight, was observed to reveal superior absolute optical 
contrasts. At 825 and 1285 nm respectively, large optical contrasts of about 36 and 49% 
were attained for P3, which are higher than that of P3a (25 and 38%). After conversion 
of the transmittance values in the oxidized and reduced states at 825 nm into absorbances, 
the absolute differences in absorbance for P3 and P3a are 0.64 a.u. and 0.35 a.u. 
respectively. Upon taking the difference in absorptivities (εP3/εP3a = 1.6) into account, the 
extent of optical change appears to be slightly higher for P3. This finding seems to imply 
that the extent of the conversion from the neutral species to charge carriers upon an 
electrical bias may be influenced by the molecular weight of the polymer, with the 
tendency being higher in a polymer with larger molecular weight. In this case, it may be 
due to the increased linearity of the polymer chains of P3, which results in greater 
polaron or bipolaron delocalization and hence higher stability of the charged state.  




























































Figure 5-11. Square-wave potential step absorptometry of (a) P3 and (b) P3a ECDs 
between +1.6 V and -1.6 V. 
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Besides optical contrasts, P3 was also found to exhibit faster switching speeds and higher 
coloration efficiencies. In general, switching times were reduced by 1 – 4 s, while 
coloration efficiencies were larger by 99 – 293 cm2/C. This is probably related to the 
more favorable film morphology of P3 where the polymer sites are more easily accessed. 
Moreover, large highly-packed aggregates that hinder the ion movements are absent. To 
ensure the reproducibility and reliability of the results, three separate trials at each 
wavelength for each polymer were carried out. A summary of the switching performance 
of P3 and P3a is presented in Table 5-4.  
 
Table 5-4. Electrochromic Performance of P3 and P3a ECDs. 
 
λ1 (825 nm) λ2 (1285 nm) 
OC 
(%)a 









1 34 41.7 1.8 634 46 4.0 28.4 466 
2 35 40.8 2.1 642 47 3.9 26.3 502 
3 36 39.1 2.7 720 49 4.5 26.7 542 
     Avge 35  1 40.6  1.3 2.2  0.4 665  48 47  2 4.1  0.3 27.1  1.1 503  38 
P3a 
1 24 41.7 2.9 388 38 6.0 31.0 404 
2 25 41.0 3.5 370 38 5.7 32.0 402 
3 24 42.8 3.8 358 39 6.8 32.6 406 
     Avge 25  0 41.8  0.9 3.4  0.4 372  15 38  0 6.1  0.5 31.8  0.7 404  2 
a Optical contrast. b Bleaching time where bleaching refers to the process in which the percent 
transmittance changes from a lower value to a higher value. c Coloration time where coloration 
refers to the process in which the percent transmittance changes from a higher value to a lower 
value. d Coloration efficiency. e Statistics reported are averages and standard deviations are based 
on 3 trials. 
 
The redox stabilities of P3 and P3a were also analyzed by subjecting the devices to 
repeated cycling between +1.6 and -1.6 V at a residence time of 20 s. The optical 
contrasts of the devices at 1285 nm were monitored and the degradation profiles are 
plotted (Figure 5-12). Both polymers reveal similar nature of degradation, with the 
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optical contrast dropping significantly and steadily in the initial stages before levelling 
off. During the first 50 redox cycles, both P3 and P3a show comparable rates of 
degradation. Beyond the 50th cycle, the optical contrast of P3 remains relatively constant, 
and after 600 repeated cycles, about 60% of the initial contrast is sustained. On the other 
hand, the ‘equilibrium period’ needed for P3a is considerably longer as it is observed to 
degrade progressively up to the 150th cycle prior to plateauing off. At the end of 600 
redox cycles, approximately 50% of the initial contrast is sustained.  

























Cycle No.  
Figure 5-12. Degradation profiles of P3 and P3a ECDs between +1.6 V and -1.6 V over 
600 redox cycles. 
 
A closer look at the degradation behaviors of polymers P3 and P3a is taken. Figures 5-
13a and 5-13b depict the changes in percent transmittances of the devices at their 
oxidized and reduced states as a function of cycle number. While the transmittance values 
at the reduced state remains relatively constant throughout the entire cycling period, the 
transmittance values at the oxidized state is found to increase over repeated cycles. 
Evidently, the loss in optical contrasts of the polymers arises from their inability to be 
oxidized to the level of the preceding cycles. From Figures 5-13c and 5-13d, it can be 
seen that one of the contributing factors is the loss in switching speeds such that the 
133 
 
cycling time is not sufficient for a complete switch. Interestingly, only the oxidative 
speed is observed to suffer. Curiously, when the duration of electrical bias is gradually 
extended after the device has seemingly degraded, the optical contrast attainable becomes 
closer to the initial maximum value. This is illustrated by P3 ECD in Figure 5-14. The 
above finding seems to suggest that the loss in electrochromic performances of the 
polymers at the initial stages may stem from an impediment in the physical processes 
involved and less of an irreversible chemical structural change in the polymer (e.g. over-
oxidation208 and loss in the conjugation of polymer backbone209) which has commonly 
been accepted as one of the key degradation mechanisms.  






























































































































Figure 5-13. Evolution of percent transmittances of (a) P3 and (b) P3a ECDs under their 
bleached and colored states when subjected to repeated redox cycles between +1.6 V and 
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Figure 5-14. Evolution of optical contrast of P3 ECD at 825 and 1285 nm when subjected 
to repeated redox cycles with increasing residence times between +1.6 V and -1.6 V. The 
data was recorded after the device has undergone 50 repeated redox cycles between +1.6 
V and -1.6 V. 
 
To account for the degradation behavior of the electrochromic polymers, an additional 
reasoning is proposed other than the above-mentioned. During the polymer doping/de-
doping processes, charge balance of the system is achieved by the ingress/egress of 
perchlorate ClO4- ions. One of the plausible pathways in which the susceptibility towards 
oxidative (doping) process is hindered is the physisorption of the counter ions onto the 
electrically-active sites,210 which reduces the number of addressable sites available for the 
next redox cycle. Moreover, the adhesion and trapping of the bulky counter ions may 
block the movement of other ions present within the electrolyte. The probability of such 
occurrences may be similar for both polymers in the initial stages, which resulted in 
similar rates of loss in optical contrasts. Over time, the more compact morphological 
structure of P3a may have experienced greater charge trapping compared to P3, giving 
rise to an overall higher amount of inactive polymer sites and greater degree of optical 
contrast loss (50% vs. 40% in P3). As observed in Figure 5-14, increasing the cycling 
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time may have allowed more time for the ions to diffuse to electrically-addressable 
polymer sites, enabling more redox reaction and larger electrochromic switch. 
 
5.4 Effect of donor-to-acceptor ratio 
5.4.1 Optical and electrochemical properties 
The molar absorptivities in chlorobenzene, normalized absorption spectra of polymers 
P4-P7 in both solutions and as thin films are shown in Figure 5-15. Curiously, the 
absorptivity of P4-P7 are observed to be significantly lower compared to P1-P3. This 
could again be related to the physical conformations (linear vs. curved) of the 
polymers.205 Compared to P1-P3, P4-P7 are random polymers which are less structured, 
and possess a greater number of constituting units bearing long side chains per repeating 
chain. The presence of the bulky side groups may have reduced the extent of linearity in 
the polymers considerably, causing the polymers to possess lower oscillator strengths. 
Similar low absorption coefficients were also observed in random polymers P8-P10 as 
seen in the earlier chapter (Figure 4-11a). In general, P4-P7 reveal two major absorption 
bands peaking at approximately 560 and 750 nm. The longer-wavelength absorption band, 
which is ascribed to the ICT between the donor and acceptor units, is seen to 
systematically decrease in intensity with respect to the shorter-wavelength absorption 
band going from P4 to P7 as the DPP content is decreased. In parallel, the higher-energy 
absorption band grows in intensity which, as discussed in Chapter 4, is due to the 
increased quantities of localized π-π* transition arising from the electron-donating 
thiophene-based conjugated segments. A similar trend is observed in the recorded spectra 
of the polymer films. Nonetheless, a major difference exists between the absorption 
behaviors of the polymers in the solution and film states. In their solid states, the 
absorption maxima and onsets experienced apparent bathochromic shifts. This suggests 
that the polymer chains experience strong intermolecular interaction in the solid state, 
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indicating packing and stacking behavior. From the absorption onsets of P4-P7 in their 
film states, the optical bandgaps of the polymers were approximated. As expected, the 
enhanced interactions between the molecular orbitals of the donor and acceptor units as a 
result of a high DPP content will lead to the narrowing of the energy gap between the 
HOMO and LUMO levels. This translates to P4 displaying the lowest optical bandgap of 
1.37 eV. Upon the reduction in DPP content, a gradual increase in the bandgaps of the 
polymers is observed. P5, P6 and P7 reveal optical bandgaps of 1.39, 1.42 and 1.47 eV 
respectively. Such relatively low bandgaps are characteristic of DPP-embedded 
conjugated D–A polymers.211-214  




































































































Figure 5-15. (a) Molar absorptivity of P4-P7 in dilute chlorobenzene. Normalized UV-vis 




The redox behavior and frontier molecular orbital energy levels of P4-P7 were 
investigated using cyclic voltammetry. Figures 5-16a to 5-16d show the recorded cyclic 
voltammograms. While all the polymers display two quasi-reversible oxidative peaks 
with similar profiles, the oxidation onsets were observed to vary. Going from P4 to P7 
with decreasing DPP content, the onset of oxidation occurs at increasingly lower 
potentials, which translates to a gradual shallowing of the HOMO level (P4: -5.03; P5: -
4.98; P6: -4.95; P7: -4.94 eV). This is in line with expectations as an increase in donor 
content will predictably shift the HOMO up through extended conjugation and interaction. 
Likewise, a decrease in relative amount of acceptor units will also shift the LUMO level 
upwards due to reduced donor-acceptor orbital interactions. As distinct peaks were not 
observed under reductive doping, the LUMO levels of the polymers could only be 
estimated from the optical bandgaps. Compared to the change in HOMO levels, the shifts 
in LUMO of the polymers occur at approximately double the extent upon the variation in 
amount of DPP units (P4: -3.66; P5: -3.59; P6: -3.53; P7: -3.47 eV). This is intuitive as 
the LUMO is usually observed to be localized at the electron-poor acceptors.215 It also 
further illustrates the stronger influence of donor-acceptor interactions in the optical and 
electrochemical properties of D–A type polymers. A summary of the optical and 
electrochemical properties of P4-P7 is presented in Table 5-5.  
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Figure 5-16. Cyclic voltammograms of (a) P4, (b) P5, (c) P6 and (d) P7 thin films in 
0.1M LiClO4/ACN electrolyte/solvent couple at a scan rate of 50 mV/s calibrated vs. 
ferrocene/ferrocenium couple.  
 
Table 5-5. Optical and Electrochemical Properties of P4-P7. 
 









Solution Film Solution Film 
P4 560, 712, 772 567, 720, 772 881 908 1.37 0.23 -5.03 -3.66 
P5 567, 712, 758 571, 710, 766 874 889 1.39 0.18 -4.98 -3.59 
P6 560, 697, 754 560, 699, 757 853 873 1.42 0.15 -4.95 -3.53 
P7 544, 682, 750 547, 692, 755 831 845 1.47 0.14 -4.94 -3.47 
a Eg
opt = 1240/λonset,film. b Values are calculated vs ferrocene. c EHOMO = -(Eonset,ox vs ferrocene) – 4.8. d 







5.4.2 Electrochromic performance 
For the fabrication of P4-P7 electrochromic devices, the polymers were first dissolved to 
a concentration of 10 mg/mL in a mixture of chloroform:chlorobenzene at 1:3 v/v ratio. 
Utilization of chloroform in the mixed solvent system enables more rapid evaporation of 
the solvent during the spin-coating process to result in thicker polymer films. The 
polymer thin films with similar thicknesses (in the range of 100 – 125 nm) were obtained 
using spin-coating at a rotational speed of 350 rpm (P5-P7) or 500 rpm (P4) for 60 s.  
 
The fabricated devices were subjected to in-situ spectroelectrochemical studies, and the 
spectra are illustrated in Figures 5-17a to 5-17d. Across all four polymers, no absorption 
changes were induced upon application of reductive bias while similar p-doped 
electrochromic behaviors are observed. Upon progressive oxidation, the neutral-state 
absorption bands deplete steadily. The accompaniment of a new, broad NIR band that 
absorbs beyond 1600 nm signifies the conversion of the neutral polymeric species into 
positive charge carriers. The newly-formed absorption band grows in intensity with 
increasing oxidative bias till 1.8 V where minimal changes in the absorption spectra are 
observed. At the fully oxidized state (2.0 V), all the polymers P4-P7 reveal high 
transmissivity levels, as illustrated using P5 device in Figure 5-17e. The photographs of 
P4-P7 devices in their neutral and oxidized states with their measured L*, a*, b* values 
are cropped and placed beside one another for easy comparison of the differences in 
colors (Figure 5-17f). A smooth color transition from blue to purple was observed upon 
the lowering of DPP content in P4 to P7. Despite the huge differences in their neutral-
state hues, P1-P4 exhibit highly similar gray tones in their oxidized states with identical 
a* value (-3) and similar b* value (-5 or -6). However, it can be noticed that the 
luminance (L* value) of P4 is the lowest, which implies that the polymers with a greater 
amount of acceptor moiety may have a higher tendency to suffer from a greater degree of 
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residual absorption as they are less easily oxidized. This often poses as a problem for 
colored-to-transmissive switching polymers and limits their electrochromic performance. 
 


























































































































































Figure 5-17. Spectroelectrochemical graphs of (a) P4, (b) P5, (c) P6 and (d) P7 ECDs at 
various applied potentials. (e) Photograph of fabricated absorption/transmission type P5 
ECD and (f) comparison of colors and L*, a*, b* color coordinates of P4-P7 devices in 
their neutral and oxidized states.  
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For the evaluation of electrochromic switching properties of the polymers, a square-wave 
potential step absorptiometry with applied potentials of +1.6 and -1.6 V was employed. 
For each polymer, in-situ transmittance changes were measured in both the visible and 
NIR regions. Polymers P4-P7 were found to reveal high optical contrasts in the range of 
35 – 48% and 66 – 73% in the visible and NIR regions respectively. This was achieved 
under reasonably fast response times ranging from a few to tens of seconds (Figure 5-18). 














































Figure 5-18. Switching cycles of (a) P4, (b) P5, (c) P6 and (d) P7 ECDs in the visible 






Table 5-6. Electrochromic Performance of P4-P7 ECDs. 
 Thickness 
(nm) 
λ1a λ2 (1500 nm) 
OC 
(%)b 





τb (s)c τc (s)d 
CE 
(cm2/C)e 
P4 125 40.9 36.3 1.39 413 65.6 2.58 32.7 574 
P5 100 34.9 32.5 1.70 329 71.9 2.81 28.0 567 
P6 105 45.3 16.1 2.41 337 73.1 3.50 22.8 528 
P7 115 48.0 20.4 2.47 381 70.6 3.24 20.3 562 
a  P4: 725 nm; P5: 708 nm; P6: 560 nm; P7: 548 nm.  b Optical contrast. c Bleaching time where 
bleaching refers to the process in which the percent transmittance changes from a lower value to 
a higher value. d Coloration time where coloration refers to the process in which the percent 
transmittance changes from a higher value to a lower value. e Coloration efficiency. 
 
In this work, general trends relating to the electrochromic properties of the polymers 
composed of varying donor-to-acceptor ratio can be observed. Going from P4 to P7 in 
which the DPP content is reduced, the attainable optical contrasts largely increase. A 
plausible reason is the enhanced susceptibility of the polymers that contain a substantial 
amount of donor moiety towards electrochemical oxidation, which is the effect of their 
shallower HOMO levels. Likewise, polymers with a higher concentration of acceptor unit 
are more likely to exhibit residual absorptions (tailing of the absorptions into the 600-800 
nm wavelength region) under oxidation due to the inability of complete conversion from 
the neutral state to charged species. This greatly affects the extent of electrochromic 
contrast variation, especially for P4 and P5 which are probed at 725 and 708 nm 
respectively.  
 
With regard to the switching properties, an enhancement in the switching speed 
corresponding to the oxidative process (bleaching and coloration times for the visible and 
NIR regions respectively) is observed in polymers with lower DPP content. Vice versa, 
the reductive switching process becomes slower. For example, P4, with the highest DPP 
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content, exhibited oxidative switching times of 46.1 and 35.3 s in the visible and NIR 
regions. Comparatively, the times required to undergo the identical electrochemical 
processes are almost halved in P7 (lowest DPP content), with values of 20.4 and 20.3 s 
respectively. On the contrary, the reductive switching speeds for P7 (visible: 2.47 s; NIR: 
3.24 s) are 25 – 80% slower than that in P4 (visible: 1.39 s; NIR: 2.58 s). This is again 
most probably related to the energy levels of the HOMO and LUMO which strongly 
determine the likelihood and ease of oxidation and reduction in the polymers respectively. 
A similar trend was also observed by our group on another series of D–A polymers based 
on pyrrolopyridazine dione as the acceptor unit.146 
 
To investigate the influence of the donor-to-acceptor ratio on the redox stability of the 
polymers,  P4-P7 were subjected to 1000 repeated redox cycles between +1.6 and -1.6 V 
at a residence time of 18 s while the changes in transmittance values at 1500 nm were 
monitored. A ‘burn-in’ period of 60 redox cycles was allowed for all the devices. As 
depicted in Figure 5-19, all the polymers demonstrate good redox cyclability, by 
sustaining at least 60% of the initial contrast. Interestingly, polymers with relative higher 
amount of DPP (i.e. low donor-to-acceptor ratio) appear to display greater ambient 
stability. While contrast loss of 30, 40 and 20% were observed for P7, P6 and P5 
respectively, P4 revealed zero loss in optical contrast (Figure 5-19b). This seems to imply 
that the incorporation of acceptor units may help to impart higher redox stabilities to the 
polymers, possibly through reducing the occurrence of over-oxidation as a result of 
lowered energies of their HOMO and LUMO levels.216 The idea that an optimal ratio 
exists between the donor and acceptor moieties cannot be ruled out and further detailed 
investigations may serve to reveal more insights.  
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Figure 5-19. (a) Switching cycles (1-40 and 961-1000) and (b) ambient stability profiles 
of P4-P7 devices switched at 18 s cycles between +1.6 and -1.6 V at 1500 nm. A ‘break-




In this chapter, structure-property relationships of DPP-based polymers are focused on. 
The effects of the length of side chains, molecular weights, and donor-to-acceptor ratio 
on the optical and electrochemical properties, as well as resulting electrochromic 
performance of the polymers were investigated. The significant findings are summarized 
as such. 
 
A small variation in the length of side chains attached onto the conjugated unit (DPP in 
this case) has no significant influence on the observed hues and optical properties of the 
polymers. Instead, marginal differences were observed in their electrochemical properties, 
wherein the polymer bearing a longer alkyl chain (P2) appears to reveal lower effective 
conjugation and hindered redox behavior. While comparable optical contrasts were 
attained for the polymers, faster electrochromic switching is observed for P2. The longer 
side chains may have rendered stronger steric repulsion between neighboring units, 
thereby generating an expanded polymer structure with more void, free spaces for the 
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ingress/egress of counter ions. The results strongly indicate that both the nature of 
polymer packing and film morphology have a great impact on the ultimate 
electrochromic performance. Unfortunately, routine morphological studies are unable to 
reveal conclusive rules. Nevertheless, controlled manipulation of the length of side chains 
still remains as a possible strategy for the optimization of performance of the 
electrochromic polymers. 
 
The molecular weight of the polymers was found to have a substantial effect on their 
intrinsic properties and electrochromic performance, other than their hues. Compared 
against P3a with lower molecular weight, P3 reveals numerous beneficial optical and 
electrochemical properties such as higher absorptivity and more reversible redox activity 
under a narrower potential window. Such characteristics in P3 are possibly triggered by 
its higher chain linearity. The packing and ordering of the polymer chains of different 
molecular weights are also found to strongly impact the morphology of the polymer film. 
In this case, P3 which has a larger molecular weight and more linear chains, exists as 
well-defined crystallites surrounded by loosely-packed amorphous regions. On the other 
hand, P3a adopts a highly compact structure with undefined features. The film 
morphology appears to influence the electrochromic performance of the polymers by 
controlling the number of electrically-active polymer sites as well as the kinetics and 
tendency for counter-ion movement. In comparison, P3 exhibits larger optical contrasts, 
faster switching speeds and higher coloration efficiencies as well as a greater degree of 
redox stability in the fabricated devices. The results suggest that polymers with a higher 
molecular weight may be more favorable for electrochromic applications, however, a 




Varying the donor-acceptor ratio in D–A type conjugated polymers not only results in 
great differences in generated hues (a facile, useful tool for bandgap and color control) 
but also in their electrochemical properties. In general, employing a higher concentration 
of acceptor units in the conjugated polymer backbone will give rise to a polymer with a 
lowered bandgap and deepened HOMO and LUMO levels. The polymer with the greatest 
amount of electron-accepting DPP (P4 in this work) reveals the lowest optical contrasts 
and slowest oxidation speed, which is attributed to it being least susceptible towards 
oxidation. On the contrary, fastest reductive speeds were observed, which is again 
accounted for by its strong electron-accepting nature. Similarly, the greatest redox 
stability was observed in P4, which is able to undergo 1000 repeated redox cycles 
without any loss in contrast. This may be due to its deepened frontier molecular orbitals 
which prevented oxidative degradation. Quite apparently, a tradeoff exists. A careful 




CHAPTER 6 MORPHOLOGICAL CONTROL OF DPP-BASED 
POLYMERS AND THIN FILMS FOR ENHANCED 
PERFORMANCE 
6.1 Introduction 
From the previous chapter, it is evident that the chemical identity of the polymers has an 
obvious influence on their electrochromic behavior. While this has largely been attributed 
to the variations in electrochemical reactivity as a consequence of different frontier 
molecular orbitals energy levels and susceptibility towards oxidation and reduction, the 
impact of the physical attributes of the polymer film should not be underplayed.  
 
As the operation of an electrochromic device involves numerous physical phenomena 
such as charge transport, electron movement and ion transfer,143 the morphology of the 
polymer film – both surface and bulk, may be a critical factor that has often been 
overlooked. Commonly used as generic term, the polymer film morphology can serve to 
describe the film structure (e.g. surface roughness, film thickness and film porosity), 
packing and ordering of the polymer chains as well as the interaction of the polymer layer 
with the underlying substrate at both microscale and nanoscale. An open and expanded 
film morphology is believed, and has been supported by various experimental 
evidence,95-97, 217 to yield better performance owing to the creation of more electrically-
addressable sites and pathways for the movement of counter-ions.  
 
Building on this idea, a deliberate induction of a porous film that possesses a large 
surface area-to-volume ratio could be the key to enhancing the electrochromic properties 
of a polymer. In this chapter, the effect of morphological changes of the polymer thin 
films on the final electrochromic performances is investigated. Among the various 
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attempts to induce different film morphologies includes the utilization of different film-
forming techniques, solvent vapor annealing and nano-structuring methods. 
 
6.2 Comparison of thin-film preparation technique: spin-coating versus spray-
casting 
6.2.1 Thin film preparation 
Thin films of polymers P4-P7 were prepared by either spin-coating or spray-casting. 
Prior to film deposition, polymer solutions under a concentration of 10 mg/mL in a mixed 
chloroform/chlorobenzene solvent (1:3 v/v) were prepared. Spin-coating of the polymer 
solutions was carried out at a rotational speed of 350 rpm for 60 s whereas the spray-
casting procedure was manually carried out using a commercial airbrush under a pressure 
of 12 psi. For a fair comparison of the film properties, the spin-coated and spray-cast 
films of each polymer are of similar thickness as determined from their optical densities 
through measurement of the absorbance/transmittance values. 
 
6.2.2 Thin film morphology analysis 
The micro-sized features of the polymer films were observed at large areas using an 
optical microscope and the recorded images are presented in Figure 6-1. At 10× 
magnification, all the spin-coated films reveal highly-smooth, defect-free surfaces. In 
contrast, obvious grain-like features can be homogeneously seen on the spray-cast films 
even at 4× magnification. For a closer inspection of the physical attributes of the minute 
grains, a larger magnification was employed. As observed in Figures 6-1i to 6-1l, the 
rough features on the surfaces of P4-P7 are composed of many spherical droplets with 
accompanying ring-stains. Such droplets, with diameters approximately around 10 μm, 
are most likely the result of the nebulization (breaking of polymer solutions into fine 
droplets) and rapid drying of the polymer upon coming into contact with the ITO/glass 
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substrate during spray-casting. Given the presence of these distinct globules and grain 
boundaries, it is concluded that the spray-cast films is made up of numerous polymer 
aggregates over the entire coated area, unlike the spin-coated ones which exist as a 
connected layer. 
 
Figure 6-1. Optical micrographs of (a-d) spin-coated and (e-l) spray-cast P4-P7 thin films. 
The size of the scale bar for all images is 100 μm. 
 
For finer inspection of the surface morphologies, imaging using AFM was subsequently 
carried out. The 3D micrographs were captured over a 1 × 1 μm area and are shown in 
Figure 6-2. From the results, it is observed that the surface features of both the spin-
coated and spray-cast films remain comparatively similar with respect to the level of 
uniformity and nature of polymer aggregation at the nanoscale. Nonetheless, a key 
difference of the films lies in their root-mean-square (RMS) roughness, in which the 




Figure 6-2. 3D AFM images (1 × 1 μm) of spin-coated and spray-cast P4-P7 thin films. 
 
6.2.3 Electrochromic performance 
Several of the key performance indicators – optical contrasts, switching speeds and 
coloration efficiencies of the prepared P4-P7 films were evaluated using the square-wave 
potential step absorptiometry in their device form. Potential steps of +1.6 and -1.6 V were 
applied to the fabricated devices and the changes in the transmittance levels were 
recorded as a function of time at both the visible and NIR regions separately, where 
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electrochromic change is found to be the largest following spectroelectrochemical tests 
(Chapter 5, Figure 5-17). The transmittance-time profiles of P4-P7 spin-coated and 
spray-cast devices are presented in Figure 6-3 and the corresponding observed and 
calculated data is summarized in Table 6-1. 
 
In terms of optical contrasts, both spin-coated and spray-cast devices displayed instances 
of being superior over the other. For the spin-coated films with smooth and homogeneous 
surfaces, the number of electrically-addressable active sites per unit area of the film is 
predicted to be relatively consistent. On the other hand, this cannot be said for the spray-
cast films. In the areas where the polymer aggregates with high packing densities, the 
number of exposed active sites available for redox reaction is expected to be smaller 
compared to an area that is smoother and more uniform. At these aggregated areas, lower 
optical contrasts are therefore expected. 
 
By and large, the spray-cast films also appear to suffer from slower switching speeds 
compared to their spin-coated counterparts. One of the proposed reasons is that the 
penetration of counter ions through the aggregates is much less likely and less efficient to 
occur as the pathways will most probably be blocked or hindered. Moreover, as seen 
from the optical micrographs, distinct boundaries between the spherical polymer droplets 
may have led to a reduction in the extent of inter- and intra-chain connectedness. Unlike 
the smooth spin-coated surfaces where charge movement along or charge hopping across 
polymer chains could have occurred efficiently, such processes may have been 
significantly impeded for the spray-cast films. 
 
In addition, the coloration efficiencies of the spray-cast devices were observed to drop by 
between 40 – 100 cm2/C in comparison to the spin-coated devices. This is in line with 
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expectations given that the number of addressable active sites and ease of charge 
movement were found to be reduced in the spray-cast films. To induce an equal amount 


















































































Figure 6-3. Comparison of switching cycles of P4-P7 devices fabricated from films 
deposited by spin-coating or spray-casting to the same thickness in the visible (λmax) 
(black line) and NIR (1500 nm) (red line) regions between +1.6 and -1.6 V.  
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P4 Spin 145 41.8 46.1 1.90 430 70.6 3.86 35.3 513 
P4 Spray 145 37.9 52.9 1.90 353 76.6 4.20 39.4 438 
P5 Spin 100 34.9 32.5 1.70 329 71.9 2.81 28.0 567 
P5 Spray 100 34.2 42.9 2.05 267 72.6 3.82 31.5 460 
P6 Spin 105 45.3 16.1 2.41 337 73.1 3.50 22.8 528 
P6 Spray 105 42.0 21.8 3.22 267 77.1 4.76 24.3 468 
P7 Spin 115 48.0 20.4 2.47 381 70.6 3.24 20.3 562 
P7 Spray 115 46.1 22.2 3.27 301 75.4 4.52 20.0 527 
a P4: 725 nm, P5: 708 nm, P6: 560 nm, P7: 548 nm. b Optical contrast. c Bleaching time where 
bleaching refers to the process in which the percent transmittance changes from a lower value to a 
higher value. d Coloration time where coloration refers to the process in which the percent 
transmittance changes from a higher value to a lower value. e Coloration efficiency. 
 
6.2.4 Effect of film morphology 
In summary of the above observations, the measurement of the surface roughness of a 
polymer film seems to give little insights to the attainable performance of a device. This 
is so as the recorded value is a mere representation of the physical structure of the 
polymer film at its topmost surface layer, and does not give any indication on the nature 
of the polymer film in bulk. For electrochromic devices where the redox action and 
operation take place not only at the surface but also through the entire polymer film, the 
surface roughness of a polymer film is definitely insufficient to be employed as a 
determining tool for performance prediction. 
 
In contrast, the bulk morphology of a polymer film appears to be more critical than its 
surface morphology. At a macroscopic level, densely-packed and compact film 
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morphologies with distinct aggregates are unfavorable as they not only limit the number 
of electrically-addressable sites per unit volume but also reduce the connectivity between 
polymer chains and particles. A favorable film structure appears to be one that is smooth 
and connected, yet consists of finely-dispersed hollow spaces among the polymer chains 
and structures, which generates the maximum number of redox-active sites. 
Unfortunately, current morphological analysis tools are limited and are unable to probe 
into the bulk of a polymer film. 
 
Even though the spray-casting technique has been found to be inferior compared to spin-
coating – yielding devices with slightly poorer electrochromic performances, it is still an 
approach that is highly attractive as it can be employed to produce large-area devices 
easily. Further improvements of spray-cast devices may perhaps be possible following 
finer technical control or optimization in the spray-casting process. 
 
6.2.5 Effect of film thickness 
To further verify the importance of the bulk morphology of the polymer film on its 
resulting device performance, a simple set of experiment was carried out. Modification of 
the bulk property of the polymer P4-P7 films was done by changing the film thickness 
through varying the rotational speed during the spin-coating process. A thicker film is 
obtained from a rotational speed of 350 rpm whereas rotation at 500 rpm yields a thinner 
film. The thicknesses of the prepared films were measured using the surface profilometer. 
The difference in the thickness of the films ranges from 20 to 30 nm. 
 
Similar transmittance-time profiles over a switching cycle were recorded as the potential 
biases of +1.6 and -1.6 V were applied to the devices. Figure 6-4 illustrates the switching 
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behavior of P4-P7 devices fabricated using either the thin or thick film, at both the visible 










































































Figure 6-4. Comparison of switching cycles of P4-P7 devices fabricated from films 
deposited by spin-coating at different rotational speeds in the visible (λmax) and NIR 
(1500 nm) regions between +1.6 and -1.6 V. Thinner (black line) and thicker (red line) 




Table 6-2. Summary of Electrochromic Performance of Spin-coated P4-P7 ECDs with 




Visible (λmax)a NIR (1500 nm) 
OC 
(%)b 





τb (s)c τc (s)d 
CE 
(cm2/C)e 
P4 125 40.9 36.3 1.39 413 65.6 2.58 32.7 574 
P4 145 41.8 46.1 1.90 430 70.6 3.86 35.3 513 
P5 70 30.2 19.9 1.21 277 56.9 1.78 25.4 548 
P5 100 34.9 32.5 1.70 329 71.9 2.81 28.0 567 
P6 80 41.2 13.2 1.77 321 68.7 2.21 23.8 574 
P6 105 45.3 16.1 2.41 337 73.1 3.50 22.8 528 
P7 90 42.7 12.8 1.69 364 63.3 2.62 18.4 550 
P7 115 48.0 20.4 2.47 381 70.6 3.24 20.3 562 
a P4: 725 nm, P5: 708 nm, P6: 560 nm, P7: 548 nm. b Optical contrast. c Bleaching time where 
bleaching refers to the process in which the percent transmittance changes from a lower value to 
a higher value. d Coloration time where coloration refers to the process in which the percent 
transmittance changes from a higher value to a lower value. e Coloration efficiency. 
 
Polymer films that are thicker display a more intense color and lower transmittance value 
in their neutral states in the visible region as a result of increased quantity of the 
chromophore. On the other hand, the film thickness has a negligible influence on the 
transmittance levels of the polymers in the NIR region as the neutral species are not 
optically visible at 1500 nm. For the evaluation of electrochromic performances, a 
consistent trend is observed across polymers P4-P7. Devices fabricated from thicker 
films were found to exhibit larger optical contrasts. This is logical as a larger amount of 
electroactive polymer is available to undergo the electrochemical redox reaction. 
Nonetheless, the enhanced optical contrasts were achieved at the expense of switching 
speeds. Thicker films generally reveal switching times that are approximately 10 – 60% 
longer than the thinner counterparts. A plausible reasoning is that the charge-balancing 
counter ions have to diffuse across a longer distance.19, 122 All in all, a higher optical 
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contrast can be observed for a thicker film; nevertheless, the optical change occurs at a 
slower rate of change.  
 
6.3 Morphology tailoring by solvent vapor annealing 
6.3.1 Experimental procedure 
The stock solution of P4 (10 mg/mL) was prepared in a mixed chloroform:chlorobenzene 
solvent system at 1:3 v/v ratio. Thin films on ITO/glass substrates were obtained using 
spin-coating at a rotational speed of 350 rpm for a duration of 60 s. The freshly-coated 
semi-dry films were immediately subjected to the solvent vapor annealing process using 
either acetone (a non-solvent) or chloroform (a good solvent) in an enclosed space. In the 
set-up, the petri dish was half-filled with the corresponding solvent and on the underside 
of the cover of the petri dish, the ITO/glass substrates were taped to the surface with the 
polymer exposed to the solvent. Exposure to the solvent vapor was carried out for either 1 
or 5 hr. Polymer films exposed to acetone for 1 and 5 hr are denoted as ‘ACE’ and 
‘ACE5’ respectively. Similarly, polymer films exposed to chloroform for 1 and 5 hr are 
denoted as ‘CF’ and ‘CF5’ respectively. The untreated film is denoted as ‘pristine’. 
Following the solvent vapor annealing process, the substrates were removed and the 
polymer films are blown dry with nitrogen gas immediately. The excess polymer areas 
were cleaned off with the respective solvents used for annealing to result in an active area 
of 1 × 1 cm2. Measurements of the thicknesses of the pristine and solvent vapor annealed 
films reveal values in the range of 150 – 160 nm. Electrochromic devices were then 
fabricated using a similar process described under the experimental section in Chapter 3. 
 
6.3.2 Optical and colorimetric properties 
The UV-vis absorption spectra were recorded on the pristine and treated P4 thin films to 
probe their optical properties. The normalized absorbance spectra are shown in Figure 6-
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5. Exposure to acetone vapor was observed to have a minimal influence on the polymer 
films (ACE and ACE5) as the absorption profiles remain largely similar against the 
pristine film. This is expected as acetone, being a non-solvent, is unlikely to be able to 
swell up the polymer for it to undergo any chain rearrangements.218 A slight variation is 
seen in the 450 – 650 nm range, in which increasing exposure time leads to progressive 
reduction in absorption. On the other hand, the polymer film that is exposed to 
chloroform vapor for 5 h (CF5) is found to reveal dramatic changes. The increase in 
absorption in the 450 – 650 nm region is accompanied by prominent bathochromic shifts 
in both the absorption peaks and absorption onset. The peak maxima were found to shift 
from 720 and 772 nm to 730 and 786 nm respectively. Moreover, upon exposure to 
chloroform, the initial shoulder peak becomes the dominant peak. The broadened and 
red-shifted absorption of CF5 suggests that the polymer chains are able to exhibit greater 
π-π stacking and inter-chain ordering behavior, most likely as a result of them being able 
to organize themselves.219 However, an annealing time of 1 h appears to be insufficient 
for such self-organization to take place as the CF film reveals minimal changes compared 
to the pristine film. Looking at the magnified section in Figure 6-5, only slight 
broadening of the absorption is displayed.  
   






























Figure 6-5. Comparison of normalized UV-vis absorption spectra of pristine and solvent 





Figure 6-6a shows the photographs of the pristine and solvent vapor annealed P4 films. 
The colorimetric properties of the films were measured and the a*b* values are illustrated 
in Figure 6-6b. Changes in both the a* and b* values were recorded. Upon increasing 
exposure to acetone, the a* values of ACE and ACE5 become closer to the origin 
whereas the magnitude of b* values become increasingly larger towards a greater blue 
component. On the contrary, a different trend is observed for films that are exposed to 
chloroform. Upon increasing exposure, the b* values of CF and CF5 gradually become 
less negative, revealing a reduced degree of blue tones. A summary of the optical and 
colorimetric properties of the films is given in Table 6-3. 
 





Table 6-3. Optical and Colorimetric Properties of Pristine and Solvent Vapor Annealed 
P4 Films. 
 λmax (nm) λonset (nm) Egopt (eV)a L* a* b* 
ACE5 567 (sh), 720, 770 (sh) 876 1.42 60 -1.1 -11.0 
ACE 567 (sh), 720, 771 (sh) 878 1.41 61 -1.5 -13.8 
Pristine 567 (sh), 720, 772 (sh) 878 1.41 60 -1.8 -14.4 
CF 567 (sh), 722, 774 (sh) 879 1.41 61 -1.7 -16.0 
CF5 564 (sh), 730 (sh), 786 914 1.36 64 -1.4 -17.0 
a Eg
opt = 1240/λonset.  
 
6.3.3 Thin film morphology analysis 
To probe the morphological changes of the polymer upon solvent vapor annealing, 
tapping-mode AFM was employed. The 2D and 3D height profiles of the pristine and 
solvent vapor annealed films captured at a scan size of 3 × 3 μm are shown in Figure 6-7. 
As seen, the surface morphology of the pristine film is relatively homogeneous, 
consisting of pseudo-spherical polymeric clusters with widths of approximately 200 – 
250 nm. This observation is in line with expectations as the polymer tends to adopt a 
nanoscale kinetically-stable state during the spin-coating process as a result of fast 
solvent evaporation.220 The exposure to acetone vapor causes the ACE5 and ACE 
polymer films to reveal slightly coarser surfaces, which appears to be composed of many 
smaller and well-dispersed domains with more voids (darker areas in the AFM images). 
The presence and formation of such fine polymer structures is logical as the solvent vapor 
annealing process using a non-solvent is akin to a precipitation process when small 
amounts of non-solvent are introduced into the polymer solution, disrupting the chain-to-
chain packing of the polymer and inducing shrinkage into a micellar-like structure. For 
the CF film, the surface morphology remains highly similar to that of the pristine film. 
Nonetheless, larger polymer aggregates of up to 350 nm wide were observed. For CF5, 
obvious differences were revealed. The morphology of the polymer film following 
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solvent vapor annealing with chloroform for 5 h is greatly altered to exhibit a highly 
compact and featureless topography despite its largest surface roughness. This is 
accompanied by an apparent increase in the polymer cluster size (diameters in the range 
of 500 – 600 nm) seemingly through the aggregation of individual clusters, which is 
possibly due to strong polymer packing. The ability for the polymer chains to pack 
closely is most likely the consequence of enhanced mobility due to partial 
resolubilization of the polymer when exposed to a good solvent, rendering it to adopt a 
more thermodynamically-favorable state.221 Evidently, while the mean surface roughness 
gives an indication of the surface texture, it has little value in representing the bulk 




Figure 6-7. 2D (left) and 3D (right) AFM height images (3 × 3 μm) of pristine and 





6.3.4 Electrochromic performance 
Characterization of the electrochromic performances of the fabricated devices from 
various films in terms of optical contrasts, switching speeds and coloration efficiencies 
was carried out. Measurements were taken at both 720 and 1500 nm while potential 
pulses of +1.6 and -1.6 V were applied. The graphical representation and detailed 
breakdown of the findings are presented in Figure 6-8, Table 6-4 and Table 6-5. 
 
Compared against the pristine device, both ACE and ACE5 devices reveal enhanced 
electrochromic properties. While the observed optical contrasts are on the whole 
comparable or slightly higher, more significant differences are recorded in terms of the 
switching speeds and coloration efficiencies. As evident from Figures 6-8c and 6-8d, the 
electrochromic switching generally occurs at a faster rate for both ACE and ACE5, with 
improvements by up to 20% for the bleaching process at 1500 nm. At the similar 
wavelength, the coloration efficiency was observed to be enhanced from 417 (Pristine) 
to 421 (ACE) and 476 cm2/C (ACE5). The experimental findings reveal that the 
exposure of the electrochromic polymer films to the vapor of acetone (a non-solvent) is 
able to yield better-performing devices, and a longer annealing duration appears to be 
favored. 
 
On the other hand, solvent vapor annealing of the polymer films using chloroform, a 
good solvent, seems to yield electrochromic performance in the opposite trend. The 
impact of the annealing duration is more conspicuously observed. For CF devices that are 
merely exposed to chloroform for 1 h, the electrochromic performances were observed to 
be marginally poorer. Looking at Figure 6-8, the average optical contrasts, switching 
speeds and coloration efficiencies of CF ECDs are by and large slightly inferior to the 
control, pristine devices. Interestingly and surprisingly, the electrochromic performances 
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were found to be dramatically reduced in CF5 devices where the films were treated to 
chloroform vapor for 5 h. Prominently, optical contrasts of CF5 dropped by 
approximately 20% at both 720 and 1500 nm. A loss in coloration efficiencies between 
the range of 14 – 25% was also recorded. 





















































































































































































Figure 6-8. Comparison of (a-b) optical contrasts, (c-d) switching times and (e-f) 
coloration efficiencies of P4 devices fabricated from pristine film and films subjected to 
solvent vapor annealing with acetone or chloroform under different exposure times. Left: 
visible region (720 nm) and right: NIR region (1500 nm). 
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Table 6-4. Electrochromic Performance of Pristine and Solvent Vapor Annealed P4 
ECDs at 720 nm. 
 







1 38.4 21.0 0.88 274 
2 37.8 20.4 0.90 283 
3 39.14 21.1 1.08 321 
 Avgc 38.4  0.7 20.8  0.4 0.95  0.11 293  25 
ACE 
1 37.3 20.3 1.00 289 
2 39.8 20.1 1.31 299 
3 36.9 20.7 1.12 299 
 Avgc 38.0  1.5 20.4  0.3 1.14  0.16 296  6 
Pristine 
1 38.1 20.6 1.00 297 
2 38.9 20.9 1.13 270 
3 37.8 22.3 1.05 292 
 Avgc 38.3  0.6 21.3  0.9 1.06  0.07 286  14 
CF 
1 38.1 20.9 1.08 292 
2 38.0 22.5 1.13 278 
3 35.1 21.5 1.19 285 
 Avgc 37.1  1.8 21.6  0.8 1.13  0.06 285  7 
CF5 
1 30.0 17.6 1.14 211 
2 30.0 21.6 1.51 191 
3 29.7 21.6 2.51 242 
 Avgc 29.9  0.2 20.3  2.3 1.72  0.71 215  26 












Table 6-5. Electrochromic Performance of Pristine and Solvent Vapor Annealed P4 
ECDs at 1500 nm. 
 







1 68.8 1.72 13.5 397 
2 69.1 2.76 15.6 540 
3 81.7 2.47 14.0 492 
 Avgc 73.2  7.3 2.32  0.54 14.4  1.1 476  73 
ACE 
1 71.4 3.08 13.6 386 
2 67.2 3.02 14.8 375 
3 69.7 2.77 13.5 502 
 Avgc 69.4  2.1 2.96  0.16 14.0  0.7 421  70 
Pristine 
1 68.8 3.03 13.3 415 
2 69.0 3.06 15.0 432 
3 67.4 3.17 15.0 404 
 Avgc 68.4  0.9 3.09  0.07 14.4  1.0 417  14 
CF 
1 69.5 3.02 14.6 404 
2 70.2 3.01 15.7 392 
3 71.3 2.80 12.6 387 
 Avgc 70.3  0.9 2.94  0.12 14.3  1.6 394  9 
CF5 
1 57.5 2.51 14.6 359 
2 55.9 2.68 15.3 382 
3 52.0 2.76 17.3 333 
 Avgc 55.1  2.8 2.65  0.13 15.7  1.4 358  25 
a  Optical contrast. b Coloration efficiency. c Statistics reported are based on 3 trials. 
 
The above results indicate that the process of solvent vapor annealing, the type of solvent 
used as well as the duration of annealing can have a strong influence on the 
electrochromic performance of the polymers. Combining with the evidence obtained 
from AFM studies, the variations in electrochromic performance are most likely a result 
of the changes in the polymer structural order and film morphology. In general, the use of 
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a non-solvent enables the overall performance to be slightly enhanced. This can possibly 
be attributed to the increased level of porosity and void spaces generated between 
polymer chains as they ‘shrink’ due to the enhanced insolubility upon the interaction with 
a non-solvent. On the contrary, while exposure to the vapor of a good solvent appears to 
yield comparable performance to the pristine, untreated counterpart, prolonged annealing 
duration is observed to be detrimental to the resulting electrochromic performance as the 
polymer displays significant aggregation induced by greater chain mobility and clustering. 
Such a morphology is undesirable as it indicates a loss in electrically-addressable 
polymer sites and available paths for ion penetration across the bulk of the film. 
 
6.4 Polymer film structuring using thermal nanoimprint lithography 
6.4.1 Experimental procedure for nanoimprinting  
Polymer films of P5 with thicknesses of around 135 nm were first deposited onto the 
ITO/glass substrates using spin-coating from a stock solution (10 mg/mL, 1:3 v/v 
chloroform:chlorobenzene) at 300 rpm for 60 s. Nano-structuring of the polymer films 
was subsequently carried out using a thermal nanoimprint lithography process. For the 
process, a silicon mold with line gratings (width: 250 nm, gap: 250 nm, depth: 125 nm) 
was employed. On the surface of the mold, a perfluorodecyltrichlorosilane layer was 
coated and acted as the anti-adhesion layer. The nanoimprinting begins by cleaning both 
the silicon mold and polymer films with a nitrogen blower. Subsequently, the mold was 
placed on top of the polymer layer and they were introduced into an Obducat thermal 
nanoimprinter. The system was heated to a temperature of 120 °C and the imprinting 
process was carried out under a pressure of either 30 or 50 bar for 300 s. After the system 
was cooled down to 30 °C, the polymer returns to its glassy state and the pressure was 
released. The mold was then removed to afford the nano-patterned polymer films. A 
schematic illustration of the procedure is shown in Figure 6-9. Herein, the imprinted 
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polymer films that have been nanoimprinted under a pressure of 30 and 50 bars are 
denoted as ‘P5-30’ and ‘P5-50’ respectively. The unpatterned film is referred to as 
‘pristine’. 
 
Figure 6-9. Overall scheme for the nanoimprinting of P5 polymer films. 
 
6.4.2 Thin film morphology analysis 
AFM was employed both as a characterization tool for the analysis of the surface 
morphology of the nanoimprinted films as well as to confirm the success of the 
lithography process. The 2D height images and cross-sectional profiles of P5-30 and P5-
50 films are presented in Figure 6-10.  
 




As observed, nanoimprinting was successfully carried out on the polymer films with 
considerably high fidelity as determined from the presence of uniform, one-dimensional 
nanoscale gratings. The widths of the gratings (illustrated by the lighter regions in the 
AFM images) for both P5-30 and P5-50 were found to be 275 nm wide, which tallies 
greatly with the gap of the mold. The slight discrepancy of 25 nm may be due to either 
the elastic relaxation of the polymer after demolding or a lack in resolution of the AFM 
tip.222 For the depth of the gratings, P5-30 which was imprinted with the mold under a 
lower pressure is shallower at 100 nm. On the other hand, a depth as high as 130 nm is 
reached for P5-50. 
 
6.4.3 Optical and electrochemical properties 
Changes in the optical properties of P5 films following the thermal nanoimprinting 
process were probed using UV-vis spectroscopy. Clearly seen from the absorption spectra 
in Figure 6-11, spectral broadening coupled with bathochromic shifts in absorption peaks 
and onset were induced after the lithographic procedure. In addition, the peak at longer 
wavelength becomes increasingly dominant from P5-30 to P5-50, although it initially 
exists as a secondary peak as in the pristine film. All the above observations can most 
possibly be accounted for by the greater extent of π-π stacking and polymer chain 
ordering and interaction upon the nanoimprinting process.102 Such polymer chain 
alignment may have been facilitated during thermal nanoimprinting as the polymer 
chains are constrained into nanoscale structures within the mold and can re-orient 
themselves under elevated temperatures similar to a thermal annealing process.  
 
An interesting property that is also observed for the nanoimprinted films is their ability to 
diffract ambient white light as a result of the presence of closely-spaced gratings. For an 
un-patterned polymer film, the observed color is independent of the viewing angle as 
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illustrated in Figure 6-12a. On the contrary, the nanoimprinted film (demonstrated by P5-
50) reveals brightly-colored hues across the color spectrum under different viewing 
angles (Figure 6-12b). 























Figure 6-11. UV-vis absorption spectra of pristine and nanoimprinted P5 films. 
 
 
Figure 6-12. (a) Identical observed colors of pristine film and (b) different observed 
colors of imprinted P5-50 film (due to diffraction of ambient light) under different 
viewing angles. 
 
Cyclic voltammetry was subsequently employed to investigate the electrochemical 
properties of the pristine and nanoimprinted films. A slight modification was made to the 
experimental setup described earlier in Chapter 3 by utilizing the polymer-coated 
ITO/glass substrate as the working electrode. For all pristine, P5-30 and P5-50 films, 
similar redox profiles were observed whereby multiple sets of pseudo-reversible redox 
peaks were revealed following the anodic oxidative process (Figure 6-13). Several key 
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differences between the pristine and nanoimprinted films include the overall current 
densities and onset potentials of the first oxidative peak and subsequent reverse reduction 
process. It is to be noted that the patterned films from P5-30 to P5-50 exhibit increasingly 
higher redox activities with higher currents, together with lower potential onsets. This is 
most likely ascribed to the systematic increase in exposed, accessible polymer surface 
area that is in direct contact with the electrolyte. A summary of the optical and 
electrochemical data of the pristine and nanoimprinted films are given in Table 6-6. 



























Figure 6-13. Cyclic voltammograms of pristine and nanoimprinted P5 films (1 × 1 cm2) 
in 0.1M LiClO4/ACN electrolyte/solvent couple at a scan rate of 50 mV/s.  
 
Table 6-6. Optical and Electrochemical Properties of Pristine and Nanoimprinted P5 
Films. 
 λmax (nm) 
λonset 
(nm) 




Pristine 575, 710, 766 (sh) 871 0.50, 0.96, 1.41 0.30 0.38, 0.55 0.83 
P5-30 575, 712, 770 876 0.49, 1.06, 1.53 0.29 0.49, 0.67 0.95 
P5-50 575, 716, 779 886 0.44, 1.06, 1.56 0.26 0.51, 0.77 1.01 
a Against pseudo-reference (Ag wire). b First oxidation peak from neutral to positively-charged 




6.4.4 Electrochromic performance 
The electrochromic performances of the pristine and nanoimprinted P5 devices were 
investigated at the chosen wavelength of 720 nm. Performance parameters such as the 
optical contrasts, switching speeds and coloration efficiencies were evaluated. Potential 
biases of +1.6 and -1.6 V were applied to the devices while the changes in transmittance 
levels were monitored as a function of time. Three trials were carried out for each of the 
samples. Figure 6-14 depicts a switching cycle and illustrates the differences in switching 
behaviors of the various devices. 





























Figure 6-14. Illustration of switching cycles of pristine and nanoimprinted P5 devices 
probed in the visible region at 720 nm between +1.6 and -1.6 V. 
 
The maximum optical contrasts attainable for the nanoimprinted devices were found to be 
enhanced slightly. From a value of around 33% for the pristine P5 device, the observed 
contrast increases to 34% in P5-30 and subsequently to 36% in P5-50. Besides the 
magnitude of color contrast, the response times for the nanoimprinted devices are found 
to be faster than the pristine device. Between the pristine and P5-30 devices, 
enhancement in the bleaching and coloration speeds by around 6 – 8% were recorded. 
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For P5-50, the bleaching and coloration speeds are approximately 20% and 7% faster 
respectively.  More prominently, it is also observed that the coloration efficiencies are 
larger for both nanoimprinted devices when compared against the pristine device. The 
average value increases from 211 (pristine) to 247 (P5-30) and finally to 254 cm2/C (P5-
50). A graphical summary of the electrochromic performance of the various devices is 
presented in Figure 6-15 while the detailed breakdown of the experimental data compared 
against the exposed surface area of the polymer film in the various ECDs is shown in 






















































































Figure 6-15. Graphical summary of (a) optical contrasts, (b) switching times and (c) 





Table 6-7. Electrochromic Performance of Pristine and Nanoimprinted P5 ECDs. 
 Surface 
Area (cm2) 







1 32.9 20.8 1.05 221 
2 33.0 21.9 1.07 221 
3 32.6 20.6 1.38 192 
               Avgc 32.8  0.3 21.1  0.7 1.17  0.18 211  17 
P5-30 1.18 
1 33.8 19.4 0.98 259 
2 34.1 21.6 1.10 250 
3 33.3 18.4 1.12 233 
               Avgc 33.7  0.4 19.8  1.6 1.07  0.08 247  13 
P5-50 1.23 
1 33.0 16.1 0.92 264 
2 33.5 15.9 1.04 245 
3 36.6 18.0 1.27 252 
               Avgc 34.4  1.9 16.7  1.6 1.08  0.18 254  10 
a  Optical contrast: probed at 720 nm.  b Coloration efficiency. c Statistics reported are based on 3 
trials. 
 
The above results indicate a direct relationship between the exposed active polymer 
surface area and electrochromic performances of the resulting devices in terms of optical 
contrast, switching speeds and coloration efficiency. The improvement in the 
electrochromic performance of the devices following nano-structuring is most likely a 
consequence of the increased amount of electrochemically-addressable polymer sites and 
interfacial area between the polymer and electrolyte. By increasing the area of contact 
between the active polymeric layer and electrolyte, the distance required for the 
counter-ion to diffuse to the charged polymeric sites during charge-balancing is 






In this chapter, various strategies for the morphological manipulation of the polymer 
films were explored and the influence on the resulting electrochromic performance of the 
devices was studied. The approaches adopted include varying the polymer film 
deposition technique (spin-coating and spray-casting), solvent vapor annealing using non- 
and good-solvents, as well as structuring the polymer film into the nanometer regime 
through thermal nanoimprint lithography. 
 
Polymer films formed by spray-casting revealed very rough morphologies compared to 
the spin-coated counterparts, which are composed of a high density of aggregated 
spherical droplets. On the whole, devices from the spray-cast films exhibit slightly 
inferior electrochromic performance. Solvent vapor annealing of the conjugated polymer 
films was observed to influence the polymer packing behavior and subsequently film 
morphology. While treatment with a non-solvent afforded slight improvements in the 
electrochromic performance, treatment using a good-solvent had a counter-effect. 
Thermal nanoimprinting was demonstrated to produce ordered line gratings on the 
polymer films which, upon fabrication into functional devices, reveal higher optical 
contrasts, faster switching speeds and coloration efficiencies. Besides one-dimensional 
line gratings demonstrated in this case, other nanoscale geometrical structures are also 
expected to yield the same benefits. 
 
From the experimental findings, more light is shed on the polymer-packing and 
morphological conditions favorable for enhanced electrochromic performance in 
polymer-based devices. The key criteria include large exposed active polymer surface 
area and polymer-electrolyte interfacial area, high bulk porosity with finely dispersed 
hollow spaces, as well as loose-packed polymer chains with high inter-/intra-chain 
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connectedness. In general, polymer films with larger exposed surface area reveal higher 
optical contrasts due to the greater number of redox-active, addressable sites. The 
presence of void spaces among the polymer chains or network is able to facilitate the 
movement and decrease diffusion distance for the counter-ions, leading to faster 
electrochromic switching speeds. Combining both positive attributes of enhanced optical 
contrast and switching kinetics, the coloration efficiencies of such polymer films and 




CHAPTER 7 SUMMARY AND OUTLOOK 
Diketopyrrolopyrrole (DPP) was identified as a promising electron-accepting building 
block for electrochromic polymers and in this work, four series of novel DPP-based 
donor-acceptor (D–A) conjugated polymers with varying (1) length of side chains, (2) 
molecular weights, (3) donor-to-acceptor ratios and (4) composition of donor moieties 
were fully characterized and studied to explore their capability and functionality as 
electrochromic materials. As set out in the primary aims, a deeper understanding on the 
fundamental chemistry and physics governing the intrinsic properties and operation of 
electrochromic polymers was gained. The crucial role of film morphology on the 
electrochromic performance was also substantiated, and morphological control strategies 
were explored for the enhancement of the electrochromic performance of the devices in 
terms of optical contrasts, switching speeds, coloration efficiencies and redox stability. 
 
Some of the major contributions of this work to the field of polymer-based 
electrochromic research are as follows: 
1. Novel DPP-based polymers with a wide range of colors were added to the library 
of electrochromic polymers. These polymers are attractive for they can be manipulated 
through facile structural modifications to reveal various neutral-state hues ranging from 
magenta, blue to green. By deliberate incorporation of a bulky chemical moiety to induce 
additional localized conjugated segments and torsional strain along the polymer backbone, 
new allowed electronic transitions within the bands corresponding to the absorption of 
blue light were created. The presence of broad absorption across the entire visible region 
yielded near-black polymers which possess colorimetric values much closer to the ‘true-




2. General guidelines for the fine-tuning of hues and saturation of D–A polymers 
were developed. In D–A type polymers with characteristic dual absorption bands, the 
positions of the higher-energy and lower-energy absorption bands are essentially 
determined by the identity of the constituting donor and acceptor moieties respectively, 
while their spectral bandwidths and respective intensities can be controlled by varying the 
donor-to-acceptor ratio. Largely, D–A polymers comprised of sufficiently strong electron 
donors and acceptors reveal tones between magenta and blue. Fine adjustments of the 
hues from magenta to deep blue can be achieved by gradually increasing the amount of 
electron acceptors. To produce a green polymer which has to absorb light in both the 
blue- and red-wavelength regions, a chemical composition of 1 acceptor unit for every 3 
donor units is necessary. To induce subtle variations in the absorption behavior in the 
blue-wavelength region, the number of different types of donor moieties can be varied. 
Incorporating multiple randomly-arranged donor units along the polymer backbone can 
promote a uniform and broad absorption over the 400-500 nm region through formation 
of numerous distinct donor-donor conjugated segments. It is expected that these general 
rules can be adopted by other families of D–A electrochromic conjugated polymers. 
 
3. Deeper insights and understanding on how to modify the chemical structures to 
induce high optical contrasts, fast switching speeds, high coloration efficiencies and 
long cycle life in the polymers were gained. To increase the optical contrasts, a larger 
quantity of electron-rich donor moieties can be added to the polymer backbone so as to 
raise the HOMO energy level to facilitate electrochemical oxidation. High contrasts of up 
to 48% and 73% in the visible and NIR regions were attained respectively. The increased 
susceptibility of the polymer towards oxidation also led to faster oxidative switching. On 
the other hand, the presence of a greater amount of electron-withdrawing acceptor 
moieties and hence leading to the reduction of donor-to-acceptor ratio can help to shift 
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both the LUMO and HOMO levels downwards. This promotes faster reductive switching 
from the bleached to colored state as electrons are more readily accepted as well as better 
redox cyclability due to the prevention of polymer over-oxidation. Encouragingly, one of 
the polymers was able to sustain 1000 redox cycles without any loss in optical contrast. 
Nonetheless, a compromise often exists in the performance as there is a trade-off among, 
for example, optical contrasts and redox stability or cycle life. As such, a fine balance and 
optimization of the donor-to-acceptor ratio is required. Among the strategies to induce 
faster switching speeds and higher coloration efficiencies in the polymers are to utilize 
polymers with higher molecular weights or longer side chains. This is mainly realized 
from the more favorable chain conformation and packing nature in the solid state which 
provides a polymeric network structure with more exposed redox-active sites and voids 
for counter ion movement. A cause for the reduction of device performance, particularly 
in the initial stages of redox cycling, is proposed. It is hypothesized that the gradual 
lowering of optical contrast and slowing of switching speeds is related to the impairment 
in the physical processes involved during the redox reaction. This was observed in the 
polymer with a low molecular weight resulting in a compact and aggregated film. The 
trapping of the counter ions may have reduced the number of redox-active polymer sites 
as well as hinder the movement of other mobile ions, substantiating the critical role of 
film morphology.  
 
4. The ideal film morphology for electrochromic applications is presented and 
morphological control strategies to induce higher electrochromic performance are 
illustrated. In general, a macroscopically-smooth film surface that possesses fine 
structures which increase the amount of exposed polymeric sites and promote ion 
movement is favored. Among the conventional film deposition techniques, spin-coating 
is found to be a better choice compared to spray-casting. Higher film porosity and larger 
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exposed surface area-to-volume ratio can be further induced in the spin-coated films by 
numerous physical treatment and nano-structuring methods such as solvent vapor 
annealing using a non-solvent or thermal nanoimprinting. For instance, the thermal 
nanoimprinting approach was carried out to yield uniform and one-dimensional polymer 
nano-gratings, leading to an approximate 23% increase in exposed surface area compared 
to the pristine film. Both the switching speeds and coloration efficiencies were 
consequently enhanced by up to 20%. Additionally, it is suggested that the surface 
roughness of the film, which has commonly been used as a performance indicator, has no 
direct bearing on the device performance. Therefore, it should not be used as the sole tool 
for performance prediction. 
 
In summary, the goals to gain a deeper understanding on the color control and operational 
principles behind D–A type electrochromic polymers and to improve the electrochromic 
performance of the polymers through morphological control have been achieved. The 
knowledge and insights gathered are envisaged to advance the field of conjugated 
polymer-based electrochromics. Compared to existing electrochromic polymers, DPP-
based materials have established themselves to be promising candidates. Other than the 
ease of color manipulation, the optical contrasts, switching speeds, coloration efficiencies 
and redox stabilities for the polymers in this work are much better than the averages 
reported across literature on D–A type conjugated polymers. While the performances of 
the polymers have yet to reach the stage of commercial viability, there is certainly room 
for enhancement particularly through the optimization of the device architecture. For 
example, nanoscale metal-organic hybrid structures can be utilized to exploit the 
chemical stability of inorganic materials and high color contrasts and rapid switching of 
the organic counterparts. One particular research direction is in the area of surface 
plasmonics which involves the travelling of light waves across metal-dielectric interfaces. 
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In plasmonics-based electrochromic devices, metallic nanoslits are employed as the 
conductive substrate which is coated with nanometers-thick electrochromic polymers. As 
the effective optical thickness of the electrochromic polymer corresponds to the depth of 
the slits which is far greater than its physical thickness, milli-second switching speeds can 
be achieved together with large optical contrasts. 
 
Despite the breakthroughs and progress, the field of electrochromic polymers and devices 
is still considered to be at a budding stage when compared to existing and established 
color-changing technologies available within the consumer market. Moreover, most of 
the polymer-based electrochromic prototypes are only developed and tested in the 
laboratories, and additional concerns are foreseen if they were to be implemented and 
brought into the real-life setting. Some of these issues and practical considerations are the 
environmental-friendliness, upscaling and cost for the development and manufacture of 
such devices, as well as the longevity of these devices under outdoors, ambient 
conditions. Nonetheless, several approaches to overcome these limitations are currently 
underway and the results are encouraging. Perhaps, it will not be long before we witness 
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